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Fuels Performance at Port 


Washington Station 


By W. A. POLLOCK,! MILWAUKEE, WIS. 


This paper contains recent operating data, a discussion 
‘relevant design features, and information comparing 
ewar and postwar coals as affecting operation of the Port 
ashington Station of the Wisconsin Electric Power 
ympany. In order to make the report complete, fuels 
id station performances are presented. 


ESIGN features and the first 15 months of operation of Port 

Washington’s firstunit were reported in a previous paper by 

Fred Dornbrook (1).2 Reports of subsequent experiences 
the operation of this first unit and the second unit, after its 
tial operation late in 1943, have also been published (2-9, 
elusive). 
It is‘not intended to review in any detail the previously pub- 
hed record of reliability and economy, but only to supplement 
d to extend that record to include the most recent data. Table 
“Average of Daily Operating Data” for unit No. 2, presents 
erating data similar to those published for the first unit several 
ars ago. 


FuRNAcE Drsicn WARRANTS CAREFUL CONSIDERATION 


Careful, conservative furnace design has been one of the most 
portant factors in sustaining favorable economy and reliability. 
ith more than 50 per cent of the heat absorption occurring in 
e furnace of modern boiler units, a furnace possessing the versa- 
ity to burn low-grade as well as high-grade coal is essential. 
Changing coal markets require that coals varying greatly in 
ture and ash characteristics be consumed, at various loads. 
While coping with the ash problem, the furnace must deliver 
finite quantities of heat to the boiler and superheater, for it 
largely responsible for costly variations in steam temperature. 
must burn widely different kinds of fuel with low excess air 
d with little combustible loss. 

One large boiler manufacturer, while discussing the present- 
y trends in utility steam practice, as reflected in design char- 
teristics, described a new boiler-furnace installation in the 
lowing manner: ‘‘A simple clean-cut furnace of ample volume 
low heat-release rates and with solid metal surfaces on all 
les, top, and bottom. All surfaces to be readily accessible for 
aning.”’ 

That cooler furnaces are considered the best means of providing 
burning of present-day fuels with the wide variations in char- 
eristics is evident as the design data on recent installations 
: studied. 

In the early days of pulverized-fuel firing, prior to the intro- 
ction of water-cooled surfaces into the furnace, 13,000 Btu per 
ft of furnace volume per hr with 13 per cent COz in the exit 
ses was a practical maximum if refractory maintenance was 
t to be excessive. 


‘Senior Test Engineer, Wisconsin Electric Power Company. 
‘Numbers in parentheses refer to the Bibliography at the end of 
) paper. 

DP icibuted by the Fuels Division and presented at the Semi- 
nual Meeting, Milwaukee, Wis., May 30-June 5, 1948, of Tun 
BRICAN SocieTy or MrcHANnicaL ENGINEERS. 

Jorn: Statements and opinions advanced in papers are to be 
Jerstood as individual expressions of their authors and not those 
he Society. Paper No. 48—SA-7. 


As furnace cooling, in the form of water screens and then water 
walls, was employed, the maximum furnace heat releases used in 
large units were increased to 25,000 and 30,000 Btu per cu ft per 
hr and higher. Changing fuel characteristics during the war and 
resulting slag accumulations have caused an “about-face” in the 
thinking, and now the question often asked is, ‘““How large a fur- 
nace shallit be?” 

Before the trend back toward cooler furnaces had begun, Fred 
Dornbrook in an earlier paper (10), concluded as follows: “In 
order to prevent ash from sticking to the inside of any furnace, 
these surfaces must be designed to cool properly the ash below its 
plastic state. 

“Eixperiences and data are presented indicating that a practical 
solution of the so-called ‘slagging problem’ consists of designing 
boiler furnaces for such appreciable heat absorption that gases 
are approximately 200 F below ash-softening temperatures when 
entering the first rows of boiler tubes.” 

Lifetime availability records for the two units at Port Wash- 


. ington (see Table 4), are 94.9 per cent for the boilers and 93.5 per 
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cent for the tandem-compound turbines. A 68-boiler-years’ 
availability record produced by the four high-pressure boilers 
and the high-pressure topping turbines at Lakeside Station, also 
shown in Table 4, was 94.5 per cent and 96.5 per cent, respectively. 
Thus with 86 equipment-years of operation, high-pressure boil- 
ers are shown to be as dependable as turbines. One-boiler per 
turbine designs are well justified. 

Boiler-unit reliability has a decided bearing upon total invest- 
ment costs and operating costs. Savings resulting from furnace 
size are lost if the design lacks reliability and requires more spare 
boiler units. It is felt that too much emphasis cannot be placed 
upon reliability. 


PREWAR AND Postwar CoALs 


How well Port Washington was able successfully to burn the 
various coals furnished during the war is shown in part by the 
continued low station heat rates as shown in Fig. 1. 

That present coal quality is far below prewar coals is general 
knowledge. Just how well those operating men charged with the 
task of maintaining economy records and at the same time carry- 
ing unprecedented higher loads have done their job is evident by 
comparing the annual average coal analysis of 1947 with corre- 
sponding values for 1940, a typical prewar year, in Table 5, and 
by considering the effect of some of the variations on plant opera- 
tion. 

Ash-fusion temperature has decreased 150 deg F and is within 
57 deg F of the designed average furnace temperature. Troubles 
from slag have been avoided only by frequent inspections of the 
furnaces and by acting upon reports of any slag found when re- 
moving ash. Importance of this cannot be overemphasized. 
Ten-point CO; traverses across the boiler width each shift assist 
in locating het areas, and act as a guide in making needed air-dis- 
tribution adjustments. 

After 15 months of operation on unit No. 1, it was reported 
that the first boiler pass had never required lancing. Even with 
the lower ash-fusion temperatures of the postwar coals, lancing 
has not been required regularly. Periods of several months often 
elapse between occasions when extensive lancing is necessary, 
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Fic.a Port Wasuineton Station Heat Consumption, Btu PER Net KwHr 


and then it is needed only when first signs of slagging troubles 
are not followed properly and the cause of the difficulty corrected. 
No special cleaning has been needed in the furnaces during semi- 
annual outages. 

Labor amounting to 0.6 and 0.81 man-hour per boiler-hour is 
shown as necessary on units Nos. 1 and 2, respectively, to take 
care of ash removal and to perform all of the lancing and soot- 
blowing operations necessary to maintain the boiler furnace in 
proper condition for long-sustained runs, and to regulate steam 
temperature. All of this cleaning work is readily included in the 
duties of the boiler-operator helper. The somewhat higher loads 
carried on unit No. 2 explain in part the higher cleaning hours. 
The following table gives the record: 


-——-Boiler no. 1-——. -—-Boiler no. 2-——~ 


an-hr an-hr 
Hr per wk per blr-hr Hr per wk _ per blr-hr 

Ash removal........ 14 0.08 28 0.17 
Lancing and inspect- 

He ane AR OOnAT DS 28 0.17 42 0.25 
Air soot-blower op- 

eration........... 10 0.06 10 0.06 
Reheater and super- 

heater soot-blower 

operation....... dn _49 0.29 _56 0.33 
Total 101 0.60 136 0.81 


It is of interest to note that only 0.12 per cent of the steam 
generated is needed for soot-blowing. This represents 12 Btu per 
kwhr increase in station heat rate to provide a means of keeping 
the heat-absorbing surfaces at the desired cleanliness for uniform 
operation. The only means of steam temperature control, aside 
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PW 
10,596 Av. 
Ay 


from flame positioning, is by this selective cleaning of heat- 
absorbing surfaces. "i 

Load reductions at night have been used by some to explain 
the apparent self-cleaning of boiler furnaces. Two boilers of 
similar design to those at Port Washington, which are located 
in stations supplying steam to the Milwaukee central-heating 
system, have operated continuously at rated capacity for ex- 
tended periods without slag or ash accumulations which required 
special attention. Port Washington’s boilers have operated at 
full rating for 16 to 18 hr daily and, on occasions, at full load for 
more than 48 hr. Lack of system load is normally the only reason 
for reducing load. There has been nothing to indicate that these 
boilers could not operate at full loads for extended periods if 
night-time loads were available. 

Continuous operating periods of 8 months have occurred. Six 
months’ continuous operation is the rule. What practically 
amounts to one outage per year is now practiced, for one of the 
semiannual outages on each unit is shortened to start on Friday 
noon and end on Monday morning. The other semiannual 
outage is ordinarily of 9 days’ duration, including two week ends 
but only 5 full-load days. : 

It may be concluded that the furnace-cooling still affords a safe 
margin to cool the ash below its plastic state. 


Lower Bru anp Higuer Aso VALUES IN Postwar Goats 


Carrying postwar loads with the postwar coals instead of the 
coals for which the station was designed has resulted in extra. 
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TABLE1 OPERATING PERIODS AND REASONS FOR OUTAGES—1947 


KWHR 
NO, STARTED FINISHED HR, RUN GENERATED, § HOURS as 
MILLIONS 
70 12/27 /46* 3/21/47 2)039,17 133.855 178.61 General inepestion, boiler and turbine, 
71 3/29/47 5/14/47 1,117.65 67.918 27.70 Screen tube rupture. Immediate forced 
outages 
72 5/16/47 8/23/47 2,573. 38 146.538 201,55 General inspection, boiler and turbine. 
73 8/31/37 9/18/27 294,67 19.423 33.45 Leek in rolled joint and seal weld, rear 
Waterwall downcomer tube, Delayed forced 
outage. 
"4 9/14/47 12/26/47"* 32,495.88 176.208 
TOTAL 12/27/46 12/26/47 8,518.69 545,930 441.51 
TOTAL 11/22/35 12/26/47 94, 649.08 5,516,050 11,582,97 
Unit No. & 
80 18/27/46*** 1/18/47 631,08 36.298 12.57 Gondenser tube leakage. Delayed farced 
outage. 
21 1/18/47 3/15/47 1,388.65 91,006 13.67 Oondenser tube leakage. Delayed foreed 
outage. 
2g 3/15/47 5/2/47 1,151.87 715.5 817.08 Generel inspection, boiler and tebdine, 
Reseated turbine inlet valves and in- * 
spected blading, low-pressure section. 
23 8/11/47 10/1/47 5,454, 28 887,641 89.58 Generel inspection, boiler om turbin g@. 
Repaired leaky veld and adjacent outs, 
Pediant reheater. 
wm 10/5/47 12/26/47**** 1,981, 90 142,109 
TOTAL 18/27/46 12/86/47 8,487.10 578.568 352.90 
TOTAL § 10/27/45 12/26/47 «38, 6940 64 8,17 2,874 2,622,869 


’ 
*This operating period started 8/28/46 
**3t111 in operation. 
***This operating period started 9/20/46 


*F*S411) in operation. 


uipment hours throughout the coal-handling section of the 
ition. A few of these extras for both units are as follows: 


4 tons more coal were required daily or 4 boatloads annually 
arloads more coal to remove from the dock, weigh, unload, convey, 
mill, and burn daily 

min extra coal-conveyer time daily 

3 extra mill-hours daily 

tra air and flue gas for the draft fans 


Hach of the foregoing items, in addition to meaning extra 
yor and maintenance cost because of extra operating hours, 
luces plant output by a definite amount. For example, each 
ll-hour consumes 250 kwhr. The 6.33 extra mill-hours daily 
1sume enough energy to operate an 85-hp motor continuously, 
enough to operate the pump which transfers all of the con- 
asate from one condenser hot well through the steam-jet air 
mps, generator coolers, and two stages of extraction heating 
the boiler feed pumps. 

[he 12.9 per cent ash in 1947 coal versus 8.7 per cent ash in the 
10 coal accounts for much of the extra coal-storage and han- 
ng costs described. A total of 178 tons of ash for both units 
re processed daily in 1947, as compared with 112 ton which 
uld have been handled for the same total Btu, but with 8.7 per 
1t ash, the 1940 value. Approximately 50 per cent increased 
+; for ash disposal occurred; 93 cu yd extra of ash had to be 
posed of, or 7 extra truckloads each day. 


’ PuLvERIzED-CoAL StoracE HEpPs In CARRYING Loap 


Mull use of storage capacity of the pulverized-fuel bins has 
mn practiced. In 1940 16.7 tons per hr were averaged from 


the pulverizers which are rated nominally at 15 tons per hr. 
In 1947 as the operating data show, 15.3 tons per hr were aver- 
aged. With 13,000-Btu coal, this would permit rated station 
capacity; however, at 11,644 Btu per cu ft, 34.5 tons of coal per 
hr are needed. Thus 10 per cent milling-capacity deficiency 
exists which is compensated for by drawing down the bin levels 
at periods of high loads and restoring them during light-load 
times. Full load could not have been carried, except for the 
pulverized-coal storage, without installing a spare mill. 

How a 13.5-hr mill overhaul is accomplished with the station 
carrying fullload has been previously reported (9). 


Mit OPERATION AND MAINTENANCE 


The average moisture in the coal to the pulverizers was 7.4 per 
cent, but the maximum was 14.3 per cent. To dry this higher- 
moisture coal properly, a higher gas temperature must be used. 
Flue gas at 830 F has been employed to dry this coal on unit No. 
1, where 830 F flue gas entering the air heater is available. On 
unit No. 2 the flue gas to the air heater averages 700 F and the life- 
time average output for its mills has been 0.9 ton per hr lower. 
Flue gas for mill-drying on units now under construction will be 
taken from high in the last pass to obtain higher-temperature gas 
in an effort to raise mill capacity. Flue-gas temperature to the 
mills will be controlled as on the other units by tempering with 
gas from the air-heater outlet. 

Higher mill repair costs have been referred to earlier in this 
paper. Just how much higher these costs have been is shown 
by the comparison between the average life of grinding rings 
and rollsin 1947, and the best life previously obtained. Seven sets 
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TABLE 4 AVAILABILITY DATA OF HIGH-PRESSURE BOILERS AND TURBINES 
BOILERS 

L.S, Ls. L.s. L.8. 1.8, PW, PY, 
Year No, 17 No. 18 No, 19 No. 20 Av, No. 1 Noe 2 
1931 68.5 92,9 98.0 97.8 92.0 
1952 83.7 98,0 96.4 96.9 93.8 
193s 9601 98.5 97.6 6.2 97.6 
1984 92.1 96.1 91.7 9602 94.0 
1935 96,3 95.8 95.0 94.7 95.5 
1936 87.4 9504 9404 94.9 93.0 91.1 
1937 92,1 97.1 95.5 95.2 95.0 93,1 
i1ssa 90.8 95,7 92.4 95.6 93.0 96.8 
1930 95.0 96.5 94,1 92.5 93.9 93.4 
1940 90.6 91.9 94.5 95.4 93.1 90.3 
1941 95.5 9601 93.1 96.5 95-5 96.6 
1942 02.9 95.2 97-8 93.9 94.8 97.1 
1945 94.6 96.8 97.4 07.5 96.5 98,9 
1944 93.0 96.1 9655 95.7 9505 95.9 91.4 
1945 95.8 92.6 94.5 93.1 93.5 8746 98.1 
1946 91.5 0402 95,1 95.1 94.0 95,9 97.8 
1047 96,9 2S 6 9557 96.5 95.7 95.3 96.6 
ay, 94.5 (68 yr.) 

TURBIRES 

1,8, LS. 1.8, L.S. 1.8, PW. PW, 
Year No. 7 No, 8 No. 10 No. 12 Av, Hoe 1 Noy 8 
1931 91.6 93.9 91.7 89.8 91.8 
10952 9509 95.9 9807 96.7 96.8 
1933 99.9 98.8 97.6 100.0 9901 
1934 96.8 98.6 9909 9909 98.7 
1985 99.8 9601 94.5 78.9 90.8 
1936 9006 93.6 98.9 97.3 95.1 98.1 
1937 97.1 9701 9906 98.8 98,2 8909 
lesa 100.0 9907 95.3 95.8 9707 9602 
1959 92.8 99.0 9907 99.0 97.6 93,0 
1940 100.0 92.8 9906 9709 9706 92.9 
1941 9906 100.0 951 938 97.1 100.0 
1942 87,1 95.3 91.4 97.0 92.7 9305 
1945 100,0 100.0 95,5 04.6 97.5 8804 
1944 94,8 93.9 9904 98.5 9607 88.4 91,0 
1945 97.9 94.0 100.0 96.0 97,0 88.1 89.7 
1946 9709 9703 93.5 100.0 69762 97.7 98, 2 
1047 100.0 9957 99.0 100,0 99.7 98.4 96.2 
ay, 96.8 (68 yr.) 


of rolls and nine rings are represented by the averages for 1947, 
as follows: 


Life of pulverized-grinding parts Best 1947 average 
Tons pulverized per set of rolls......... 147500 65700 
Tons pulverized per grinding ring..... 123000 59500 


Induced-draft fan wear has increased, but because this main- 
tenance work is part of the regularly scheduled outage work, no 
direct comparison, as drawn for pulverizer grinding parts, can be 
made. 

Variation in mill output from 14 tons per hr to 16.1 tons per 
hr, Table 2, is explained primarily by variation in grindability 
characteristics of the coal. 


SUMMARY 


A relatively cool furnace, and the storage system of burning 
pulverized coal, have been shown as big factors in sustaining re- 
liability and economy as daily station output has been increased. 

Operating data for unit No. 2 and other often requested data of 
general interest have been presented. 

A comparison is made of prewar and postwar coals, including 
some figures on extras needed because the postwar coal has had 
a lower heat value and higher ash. More maintenance chiefly to 
the pulverizers and the draft fans has been shown to result because 
of poorer qualities of the 1947 coals. 
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Ay. 
TABLE 5 PREWAR AND POSTWAR COALS 
Yeoer 1940 1947 
Unit No, 1 5 
Ay, KWH 58750 67660 
Coel Burned Tons/day 552 688 
Mill Hre. /dey 35.7 4.9 
sal Mill Tone/nr. 16.4 15,3 
one8 Proximate Analysis 
geek Pye ea 2, 14941 Maes 
© BIU/1b. Dry 13644, 608 
sacs) ear) mathe A. 13008 16s 
Moisture, % 4,7 706 
Volatile, % 34.5 35.9 
Tixed Carbon, % 87.0 sla 
Ash, & 8.7 12.9 
PW Sulphur, % £ 2,287 2062 
her Ash Fusion, ¥. 2310 2157 
pt 
89.7 
88.9 
96.5 
9765 
9505 (16 yr.) 
5 “Port Washington 1941 Operation,’ Combustion, vol. 13, Jant 
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Discussion 


L. H. Starx.? The paper presented on the fuel performance at 
Port Washington Station is not only a progress report of this 
remarkable station but also a report on the progress of burning 


coal in a pulverized form. 
The research, development, and experience that have take 


n 


place since 1918, when John Anderson and Fred Dornbrook con- 
ceived the idea that coal could be burned in suspension in a pul- 
verized state, would fill a good-sized volume were it to be related 
‘in this manner. The story would reveal what has transpired in 
this field from the time the Lakeside Station of the Wisconsin 
Electric Power Company was built when 20,300 Btu were re- 
quired to produce 1 kwhr (then a world record) to the present re- 
port on the 1947 performance of the Port Washington Station of 
the same company, in which is indicated that the average opera- 


tion of No. 2 unit in this station is 10,500 Btu per kwhr. This is 


3 


reduction of 22 per cent in the heat required to produce 1 kwhr 


over the period in question. 


Those responsible for the results as outlined in the paper will 


3 Plant Engineer, Phoenix Hosiery Company, 
Mem. ASME. 


Milwaukee, Wis. 
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destly tell you that when No. 3 unit goes into operation they 
ect to better this performance. 

ne of the early conditions experienced was low boiler availa- 
ty due to furnace slagging and refractory replacement caused 
furnace temperatures higher than the fusion point of the ash 
l refractory material. The answer to this problem, as outlined 
the author, has been a more conservative furnace design in 
ich by increasing the area of water screens and waterwalls, 
nace temperatures have been reduced, thereby doubling the 
t release per cubic foot of furnace volume. 

Phe result has been periods of 6 to 8 months or more of continu- 
operation which probably aids in justifying one-boiler-per- 
bine design. 

Ve are all aware of the decreased value of postwar versus pre- 
r coal, not to mention the increase of about 100 per cent in 
t. Table 5 of the paper is typical of analysis of coals received 
1940, as compared to coal received in 1947. The table reveals 
t coal received in 1947 contained 8 per cent less Btu per pound 
, 88 per cent more moisture, over 30 per cent more ash, and 
) per cent more sulphur than the coal received in 1940. 
Referring to Fig. 1 of the paper, it will be noted that the heat 
sumption of boiler No. 1 in Btu per kwhr was practically the 
ne in 1947 as it was in 1940. Will the author explain how this 
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was accomplished; was it due to better load conditions on the 
boiler, less boiler outage, more frequent cleaning of heated sur- 
faces, or other reasons not mentioned? 

To the writer this is a remarkable performance and could only 
be attained by having the best of equipment, thorough mainte- 
nance, and an operating crew trained to perfection in the duties it 
has to perform. 


AUTHOR’S CLOSURE 


The author appreciates Mr. Stark’s remarks which supply cer- 
tain historical and other points of interest which could not be ade- 
quately treated in the time and space allotted. 

The question is asked why the 1947 Btu per kwhr was essen- 
tially the same as in 1940 when more favorable coals were availa- 
ble. Versatility of the conservative design in coping with poorer 
coals without appreciable economy loss and well-trained operating 
and maintenance crews who strive to sustain established records 
under adverse loading conditions have all been contributing fac- 
tors. At no time in 1947 was there sufficient system capacity to 
permit loading individual units for economy records even if that 
had been desired. Capacity factors reported in Table 3 are evi- 
dence of this point. 
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Combustion Studies Using the Golay 
Photothermal Detector With an 


Infrared Monochromator 


By J. T. AGNEW,! PHILADELPHIA, PA. 


At the Franklin Institute Research and Development 
aboratories, a research project is in progress in connection 
ith which certain techniques in infrared detection and 
ectroscopy have been developed. This paper contains 
e results of some experiments conducted with equip- 
ent developed in connection with this project which is 
~onsored by the General Engineering Branch, Signal 
orps, Army Service Forces, U. S. Army. 


that new techniques would have to be developed in order to ° 


* recent years, it has become obvious in combustion research 


achieve an insight into the reaction kinetics of combustion 
ocesses. Two types of information badly needed are tempera- 
ire and composition of the reactants in a combustion process as 
function of time. Knowledge of these two parameters to- 
ther with pressure would allow a more accurate determination 
the actual conditions existing at a given instant in a combus- 
on process such as the explosion in the cylinder of an internal- 
mbustion engine. A better and more thorough understanding 
the actual conditions existing throughout the combustion 
ocess, of course, ultimately would lead to a more efficient con- 
rsion of the potential energy stored in the fuel to useful energy. 
An experimental approach to the investigation of the parame- 
rs mentioned is the determination as a function of time of the 
ectral distribution of the radiant energy given off during the 
mbustion. It would be desirable to determine this spectral 
stribution over as large a portion of the spectrum as possible, 
nce many of the radiating components have an identifying band 
ructure in various regions of the spectrum. A rather large re- 
on of the spectrum is covered by what are known today as in- 
ared detectors, although some of these detectors are sensitive 
so throughout the visible spectrum and partially into the ultra- 
olet region. 
Another factor in favor of using infrared detectors in the initial 
vase of radiant-energy investigations is that, in the range of 
mperatures expected to be encountered, say, 530 deg K to 4000 
g K, the peak radiant intensity from a black radiator, operating 
this same temperature fange, lies in the infrared region of the 
ectrum from approximately 0.72 to 5.4 microns. Finally, it is 
own that many polyatomic molecules have characteristic 
diation bands in this same region of the spectrum, for example, 
e water vapor and carbon dioxide bands at 2.7 and 4.4 microns. 
All of these factors pointed to the desirability of using infrared 
thermal detectors for the radiant-energy determinations. 
1erefore, it was decided to investigate the capabilities of various 
pes of detectors for use as radiant-energy detectors in connec- 
m with combustion processes. 


1 Research Engineer, Franklin Institute Laboratories for Research 
d Development. 

Contributed by the Heat Transfer Division and presented at the 
mi-Annual Meeting, Milwaukee, Wis., May 30—-June 5, 1948, of 
iz AMERICAN Society or MECHANICAL ENGINEERS. 

Norse: Statements and opinions advanced in papers are to be 
derstood ag individual expressions of their authors and not those 
the Society. Paper No. 48—SA-16. 


CuassEs OF INFRARED DETECTORS 


Modern infrared detectors can be grouped into the following 
classifications, depending upon the phenomenon by means of 
which the thermal energy received is converted into a measurable 
signal. J 

Thermoelectric. This is probably the most common type of 
detector. The thermal energy falls upon a single junction or 
upon several thermoelements connected in series to give a higher 
electromotive force. A good example of this type of detector, 
designed for fast response and high sensititivy, is described by 
Roess and Dacus (1).2. They describe a thermocouple consisting 
of overlapping evaporated layers of bismuth and antimony which 
has 95 per cent full-scale response in 0.14 sec, and a direct-current 
sensitivity of 6-7 per 10~-4 watts per sq cm. They also point 
out the pertinent fact that the single thermoelement has a greater 
signal-to-noise ratio than the series arrangement. The thermo- 
couple type of detector has increased sensitivity in an evacuated 
chamber. A good example of the use of such a detector is the 
bismuth-bismuth tin couple used in the Perkin-Elmer infrared 
spectrometer. Thermocouples or thermopiles can be constructed 
which have sensitivities capable of detecting as little as 10 watts 
of power, but the speed of response is usually very slow. The slow 
speed of response of thermoelectric detectors causes amplification 
difficulties in that the signal must either be amplified by a high- 
gain direct-current amplifier, with its tendency toward instabil- 
ity, or the signal must be interrupted mechanically or electron- 
ically, with the possibility of introducing more noise into the 
system. In general, the time constant of thermoelectric de- 
tectors ranges from a few seconds down to 0.050 sec. 

Bolometers. Heat detection by means of bolometers de- 
pends upon the fact that, when a material absorbs thermal 
energy, its resistance changes. In general, this type of detector 
can be divided into two groups: Metallic conductors, such as 
gold or platinum foil, which are characterized by low impedance 
and positive temperature coefficients of resistance; and semi- 
conductors, such as NiO, MnO, and CoO (developed by Bell 
Telephone Laboratories), which are characterized by high im- 
pedance and negative temperature coefficients of resistance. 
This latter group has been given the name thermistors. 

The method of detection consists of allowing the radiation to 
fall upon a bolometer or thermistor mounted as one leg of a bal- 
anced bridge circuit. The change of resistance of the detector 
causes an unbalanced condition to be set up in the bridge, and a 
current flows through the system. The electric impulse can be 
amplified by conventional means. This type of detector, has, 
in general, higher sensitivity and faster speed of response than the 
thermoelectric type, the time constant being of the order of a few 
milliseconds. 

An extraordinary application of the case of the bolometer 
principle for the detection of radiant energy is the development 
directed by Donald Andrews at Johns Hopkins University. In 
this application, a columbium nitride bolometer, mounted on a 

2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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copper base plate and maintained at temperatures near absolute 
zero, has been found to have the property of becoming a super- 
conductor over a narrow temperature range. The phenomenon 
of superconduction is not too well understood, but certain mate- 
rials have been found to have a very high temperature’ coefficient 
of resistance over a narrow temperature range near absolute 
zero. ‘Thus if it is possible to maintain such a material in this 
temperature range in a balanced bridge circuit, the reception of 
very small amounts of radiant energy permits the generation of 
readily detectable signals. 

It was possible to get sensitivities of the order of 5 X 10~” watts 
of power at time constants of the order of 0.5 millisee with the 
superconducting bolometer. Undoubtedly, this type of detector 
is the most sensitive infrared detector available but its operation 
must, of course, be accompanied by the equipment necessary to 
maintain the bolometer at the extremely low temperature. While 
heretofore this has been rather bulky and cumbersome in so far 
as portability is concerned, a very compact and portable cryostat 
has recently been developed. 

Pneumatic. The Golay heat cell (2, 3) is an infrared detector 
which depends for its action upon the expansion of the gas en- 
closed in a small chamber, due to the heating action caused by the 
absorption of radiant energy. This detector, developed at the 
Evans Signal Corps Laboratory, Belmar, N. J., is the type used 
to obtain the data reported in this paper and will be discussed 
more in detail later. Sensitivities of the order of 10~* watts of power 
at time constants of the order of 0.5 to 1 millisec can be obtained 
with this type of detector. 

Another factor to be considered in infrared detectors is their 
spectral response. The pneumatic detector and the supercon- 
ducting bolometer have very nearly gray body absorption char- 
acteristics, while ordinary thermistors and bolometers as well 
as thermoelectric detectors may have a spectral region in which 
their response is poor. 

Photoconductive Cells. It has been found that certain mate- 
rials when exposed to infrared radiation, undergo what might 
be termed an internal photoelectric effect, in that electrons are 
liberated and will flow as an electric current if a potential differ- 
ence is maintained in the vicinity. Two materials known for their 
ability to produce such an effect are thallium sulphide and lead 
sulphide. An infrared detector may be realized by allowing 
radiation to fall on a film of one of these materials across which a 
potential gradient is developed by means of a gridwork of termi- 
nals. The principal disadvantage connected with the use of 
photoconductive materials as infrared detectors is that they are 
only sensitive in the near infrared region. For example, the peak 
response of thallium sulphide is at 0.95 » and its sensitivity is 
practically zero beyond 1.45 4. Lead sulphide has corresponding 
values of 2.5 and 3.6 u. The development work in this country 
on materials of this type was largely that conducted at North- 
western University by Prof. R. J. Cashman (4), 

Some other possibilities which have been considered for infra- 
red detection but which have not received very extensive applica- 
tion as yet are as follows: 

Photoelectric Fatigue. It is known that, when certain types 
of photoelectric cells are exposed to ultraviolet radiation, the 
photoelectric current builds up practically instantaneously but, 
with continued application of the ultraviolet source, the photo- 
electric current decays due to a phenomenon known as photoelec- 
tric fatigue, which may result from an internal space-charge 

effect. If the photoelectric surface is exposed to infrared radi- 
ation after a short period of time, during which the fatigue effect 
has been allowed to take effect, the photoelectric current suddenly 
increases again to near its former peak value. The peak de- 
veloped as a result of radiation with infrared energy could pos- 
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place and the current drops off. When the light is turned off, the 


cays. 
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sibly be used as a quantitative measurement of the intensity of 
the infrared source. 

Photoelectric Effect of Adsorbed Alkali Metals. Another pos- 
sible means of infrared detection, utilizing a photoelectric effect, | 
is to take advantage of the fact that impure sodium chloride | 
erystals which have been exposed te x rays develop rather pe- : 
culiar properties. Due to the action of the x rays neutral sodium |} 
atoms tend to be produced and adsorbed at the internal surfaces. | 
The internal surfaces are necessary as the phenomenon will not | 
take place in a single crystal, but only in an impure crystal with || 
internal surfaces. Now, if a potential is placed across the pre- | 
viously x-irradiated crystal, and it is exposed to light of wave | 
length 4650 A for sodium chloride, the neutral sodium atoms {jj 
tend to lose electrons which begin to flow and produce an electric © 
current. However, if the crystal is further irradiated with this _ 
light, a fatigue effect somewhat similar to that just described takes 
current drops to a very small but rather constant value, and the : 
crystal is then in a condition to act as an infrared detector. If 
the crystal is suddenly exposed to infrared radiation, the photoelec- — 
tric current rises almost instantaneously to a peak and then de- 
As before, it is possible that the height of this peak could — 
be used as quantitative measurement of the intensity of the infra- | 
red source. Subsequent to irradiation with infrared energy, the 
crystal assumes the state wherein the adsorbed neutral sodium 
atoms are again ready for the irradiation with the 4650 A light. 
Occasionally it would be necessary to recharge the crystal by the 
use of x rays. 3 

Phosphors. Tf certain infrared sensitive phosphors such as CaS, 
BaS, or ZnS, containing specified amounts of impurities such as 
Bi, Cu, CaF2, Lis;PO., Na2B.O7, or Na2SO., are exposed to ultra- 
violet radiation, visible light is emitted which could be focused 
upon a photoelectric cell and measured quantitatively. If the 
ultraviolet source is turned off, the visible light intensity gradually | 
decays. If, however, a short time after the decay process has 
begun, the phosphor is exposed to infrared radiation, the Visible 
intensity almost instantaneously increases again to the former 
maximum level. A quantitative evaluation of this secondary 
increase due to exposure to infrared radiation might be possible. 

It is realized that the theoretical limit to infrared detection by 
the foregoing means (photoelectric effects, phosphors) is the con- 
dition where the energy of an individual photon, corresponding 
to the frequency of the radiation, is of the same order of magni- 
tude as the energy of motion of the molecules of the material it- 
self. It remains to be determined whether, for the methods of 
detection just described, this condition will prevail at wave 
lengths longer than, say, ten microns. 

Evaporation and Sublimation. Various techniques come 
under this general heading. If a thin layer of oil or other mate- 
rial is exposed to an infrared source, the evaporation of a small 
amount of material causes variations in thickness which could be 
detected interferometrically. Another possibility is the use of 
materials which sublime readily. For example, consider a 
parallel light beam (possibly monochromatic) directed at grazing 
incidence past the surface of a readily sublimed material to a 
photoelectric cell. If the surface were exposed to infrared radia- 
tion, the increased sublimation could possibly be detected as, 
(a) attenuation of the photoelectric signal due to increased ab- 
sas of the light, (0) attenuation of the photoelectric signal 
le Os ae ie in femeciion of the light beam, or (c) an inter- 
sides of the ae ei ieeees betes ae 

on , only one side being exposed to the infra- 
red radiation. 

These are only some of the more promising possibilities which 


should be considered in the search for more efficient methods of 
infrared detection. 
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Fic. 1 PHororHeRMAL DETECTOR 
(Optical system and assembly.) 


Pneumatic DETECTOR SELECTED FOR STUDIBS 


The nature of the work in infrared detection at The Franklin 
stitute made it necessary to have a detector with high sensi- 
ity and fast response time. Also, there was a need for portabil- 
and a fair degree of ruggedness. Thermocouples and thermo- 
es were considered but eliminated owing to their slow response 
1e. The cryostat bolometer, from the standpoint of fast re- 
ynse time and high sensitivity would have been ideal, but, 
ce later developments were to include a number of detectors, 
was felt that the operation of a spectrograph using a number of 
, supercooled bolometers would run into excessive complexity. 
e field having been narrowed to room temperature bolometers 
-thermistors) and the Golay pneumatic detector, the pneu- 
tic detector was chosen, mainly for two reasons: (a) the dis- 
vantage of the somewhat complex optical system associated 
h the pneumatic detector was overbalanced by the somewhat 
erior sensitivity-response time characteristics, (6) the experi- 
e gained by Signal Corps personnel in development work on the 
sumatic detectors was available. 

The essential characteristics of the operation of the pneumatic 
ector may be understood by reference to Fig. 1. 

The following is only a brief explanation of the operation of the 
ector, presented for the convenience of the reader. A de- 
ed description of the theory of the pneumatic detector is given 
the literature by Dr. Golay (2, 3). The infrared radiation 
ses through a halide (usually sodium chloride) window and 
kes an aluminized film which forms the closure for one end of 
iny gas cell. The transmission-absorption characteristics of 
; film must, of course, be carefully maintained to the proper 
ue. Energy absorbed or transmitted by the aluminum film is 
nsferred to the gas in the cell, thus causing a rise in the tem- 
ature and pressure of the gas. As a result, there is a dilation 
.n antimony film which forms the closure for the other end of 
gas cell. A path is provided for gas leakage around the com- 
ent parts forming the gas cell, and the impedance to the flow 
ras can be varied. This adjustment has much to do with the 
sitivity of the detector. The dilation of the antimony film is 
ected and evaluated by means of an optical system which in- 
porates a lined grid to provide light modulation to a light-sen- 


ye cell, The antimony film acts as a mirror. Light from 


a small filament passes through one half of a pair of condensing 
lenses which focuses the light on the antimony film forming one 
end of the gas cell. Immediately after leaving the second con- 
densing lens, the light passes through the top half of a lined grid, 
consisting of alternate transparent and opaque lines, A small 
meniscus lens placed near the antimony film causes an image of 
the top half of the grid to be formed on the lower half of the grid 
after reflection from the antimony film. 

Thus, with quiescent conditions, and the proper positioning of 
the grid and lenses, a minimum amount of light passes through 
the lower half of the grid to the light-sensitive cell. Theoretically, 
no light would pass through if the image of the opaque spaces on 
the top half of the grid were formed on the transparent spaces 
of the bottom half of the grid. Reception of infrared energy and 
the resultant dilation of the antimony mirror causes a shift in the 
position and dimensions of the grid image with the result that 
some light passes through the lower half of the grid to the light- 
sensitive cell. 

The light-sensitive cell used was a thallium-sulphide photo- 
conductive cell, which has been found to have a higher signal-to- 
noise ratio than ordinary phototubes or photomultipliers, for the 
degree of light intensity used in this application. The reception 
of increasing amounts of energy causes larger signals up to a cer- 
tain point when more energy results in the passage of less light 
through the grid combination and a decreased signal results. 
However, at low energy levels, the response is linear. 

A detector of the type described was used in conjunction with 
a special low-dispersion monochromator, the schematic diagram 
of which is shown in Fig. 2. The two small sections of the same 
large parabolic mirror, used, respectively, for collimation M,, 
and focusing M,, are essentially equivalent to two small off-axis 
parabolic mirrors. The radiation enters slit S; and strikes para- 
bolic mirror M;. From there parallel rays travel to the 60-deg 
prism of sodium chloride. The prism and mirror M; are arranged 
according to the Wadsworth type of mounting, wherein the rays 
that pass through the prism at the angle of minimum deviation 
are reflected from plane mirror M», at an angle to the rays incident 
to the prism-mirror combination of twice the angle @ between 
the perpendicular to the prism base and a line parallel to the 
face of Mo. 


. 
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Hence for this monochromator, the total deviation of the 
rays which pass through the prism at minimum deviation is 90 
deg. From Mz, parallel rays strike plane mirror M;, and are 
again deviated through 90 deg to mirror M,, which would 
ordinarily focus them at S:, but plane mirror M; is interposed in 
their path to deflect the rays through slit S, which is mounted 
on the pneumatic detector. 

The electronic signal obtained from the light-sensitive cell 
of the detector is amplified and fed to an oscilloscope where it is 
photographed. Due to the low dispersion of the monochromator, 


Fie. 2 ScuHematic DiacrRam or MonocHROMATOR 


accurate calibration was somewhat of a problem. The calibration 
in the visible region was made accurate, by means of a , photo- 
graphic plate of the mercury-are spectrum. The atmospheric 
water vapor and carbon dioxide frequencies in absorption were 
taken as 2350 cm and 3750 cm~!, respectively. These data 
in combination with refractive index data from the literature 
and check points from a variable-temperature oxidized brass 
surface heater gave a calibration which is believed accurate to 
=(0.05 micron. 


TO VACUUM PUMP — 


TO ATMOSPHERE —— 


TRANSACTIONS OF THE ASME 


TO MANOMETER 


FEBRUARY, 1 


# 
¢ 


Use or Low-Dispprsion MONOCHROMATOR AND PNEUMA 
DETECTOR 


tion of phenomena existing for very short intervals of timel | 
the order of a few milliseconds) or the determination of the sp¢ 
tral distribution, as a function of time, for phenomena existing fj] 
longer periods of time. A study of the latter type has been ca 
ried out and will be described. 
A methane-air mixture containing approximately 8 per cei 
methane was ignited by means of a spark in a bomb, the cro 
section of which is shown in Fig. 3. The procedure for the fillix } 
and exhausting of the bomb was as follows: Subsequent to ag}, 
explosion, the valve to the vacuum pump was opened and th 
products of combustion pumped out until the pressure in th 
bomb was approximately 1 in. Hg. Then the atmosphere val 
was opened and atmospheric air allowed to fill the bomb. Ril 
atmosphere valve was closed and the bomb again pumped out 
a pressure of 1 in. Hg. The valve to the methane tank was the. 
opened and methane was allowed to flow in until the pressure rise 
as indicated by a mercury manometer, was 6.1 em Hg. On thi 
basis of barometric pressure of 30 in. Hg or 76.2 cm Hg, a partiag} 
pressure of methane of 6.1 cm would give approximately an 8 pei! 
cent by volume mixture. After the bomb had received the charge} 
of methane, the methane valve was closed and the atmosphere} 
valve opened wide to allow the air to rush in and mix with the 
methane. A period of approximately 2 min was allowed fowl 
mixing and partial quieting of the turbulent conditions caused} 
by the entrance of air into the tank. 
On the basis of the foregoing procedure, the amount of previous 


exceed 1/99 or 0.11 per cent of the total mixture. 
that the real percentage composition of the mixture, as prepared, 
depended upon the existing barometric pressure and upon thelf 
validity of Dalton’s law of partial pressures. No attempts were} 
made to control to a fine degree the composition of the mixture) 
in these first experiments which were more or less of an Bie | 
nature. 

After the bomb had been filled with the combustible mixture, | 
the shutter was set in motion to intercept, at intervals, the radi- 
ation emitted from the burning gas through the sodium chloride 
window. The monochromator was adjusted to the desired wave | 
length and the spark ignited. The sweep circuit of the oscillo- 
scope was set in motion simultaneously, and a short time-delay 
relay allowed the sweep to travel.a short distance before the 
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ark was ignited. With the ignition of the spark, the com- 
ustion process began, and the energy emitted from the reac- 
on at a given wave length, as chosen by the monochromator, was 
ant to the gas cell of the pneumatic detector. The detector was 
djusted for high sensitivity and the time required to reach 63 
er cent of the maximum signal was approximately 7 millisec. 
he shutter was arranged for equal off and on times of 17.35/2 
uillisec. This was the most convenient value, as dictated by the 
svolutions per minute of the motor used to drive the shutter. 
hus it was possible to obtain time slices of the energy intensity 
t a given wave length at intervals of 17.35 millisec. The entire 
rocess was repeated for a series of wave lengths, 65 different 


ave lengths being taken in the spectral region from 1 micron to 
1 microns. 


MEASUREMENTS BY OSCILLOSCOPE 


A typical oscilloscope trace is shown in Fig.4. This trace was 
btained by a simple time exposure during the combustion. The 
‘ace, as shown in Fig. 4, traveled from left to right, the first 
ownward streak from the left being caused by the ignition of 


ps 


Fig. 4 Typicat OsciLLoGRAM 


e spark. The maxima and minima of the trace tended 
}equalize around a centralized base line which itself tended to 
ift, depending upon the strength of the signal. The actual in- 
nsity, at a given time was obtained by measuring the distance 
rtically downward from a maximum to the Jine joining the 
7o minima on either side of the maximum being measured. It 
n readily be seen in Fig. 4, how this distance builds up and 
creases with time. The distance in time from successive max- 
1a, Or Minima was 17.35 millisec. It will be noticed in Fig. 4, 
at the peaks get closer together as they progress toward the 
d of the trace. ‘This was done purposely by using a logarith- 
ic horizontal sweep. This arrangement allowed the peaks to 
spread more at the beginning of the combustion, where it was 
sired to determine the position of the first few peaks accu- 
tely with relation to the spark. Energy from the combustion 
ocess was detected visually for'a time lasting from 1 to 1.5 sec. 
By evaluating the traces as indicated, curves such as those 
own in Fig. 5, were obtained. These curves are for wave 
igths of 1.0, 2.7, 4.5, and 10.0 microns, respectively. The 
uttering of points in the case of 1 and 10 is due to the fact that 
e detector is being operated in the region where its rather low- 
\quency noise level has been reached. Sixty-cycle pickup was 
nsidered, but the basic frequency of the noise indicated is ap- 
oximately 30 cycles. The attenuation necessary to represent 
four of these curves on a single chart is indicated. 

Several peculiar properties of these curves must be discussed. 


It will be noticed that there is a small intensity peak in the 
Vicinity of 90 millisec on all the curves. This small peak was 
present at every wave length, but it is yet to be determined 
whether it is due to a phenomenon caused by the combustion 
process or the geometry of the bomb itself. Later tests to be 
conducted with different-shaped bombs and a correlation with 
pressure should clarify this point. 
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The next point to be considered is that the time to reach the 
main peak of intensity is different for the various wave lengths. 
Variations in the mixture prior to the combustion could con- 
tribute to this inconsistency, but an examination of the curve © 
shown in Fig. 6 reveals some interesting data relative to this 
point. In Figs. 7 and 8 it can be seen that there are pronounced 
emission peaks in the vicinity of 2.8 and 4.5 microns, and a broad 
peak in the vicinity of 6.75 microns. In Fig. 6 it can be seen 
that the time to reach the peak intensity tends to be lower in these 
same spectral regions. 

Figs. 7 and 8 represent spectral intensity as a function of time 
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r the radiation emitted during the combustion process. In 
g. 7, progressing upward, the successive curves are for times 
25, 50, 100, and 200 millisec. The curves in Fig. 8 are, 
ogressing downward, for times of 300, 400, and 500 milli- 
conds. In preparing the curves in ite) 7 and 8, from the 
pe of curves shown in Fig. 5, it was necessary to determine the 
ost probable time for the peak intensity to be reached for a 
ven wave length. Undoubtedly, there would be some vari- 
ion in this time from trial to trial at a given wave length, so 
at, since for most wave lengths in these experiments only one 
al was made, there is some doubt as to whether the time to 
ak intensity for that particular trial would be exactly the 
lue which would be obtained for an average of, say, ten trials. 
1erefore the curve shown in Fig. 6 was‘used to determine the 
ost probable time to peak intensity for a given wave length, and 
e times as measured were corrected to this most probable time. 
is felt that this procedure would result in a more reasonable 
esentation of the curves shown in Figs. 7 and 8. The curves in 
gs. 7 and 8 are drawn with the intensity ordinate on a loga- 
hmic scale. This was necessary because of the large range of 
fensities covered. The curves as presented are not corrected 
- the overlapping effect, due to the use of a fairly wide slit of 

Op. 

The complete analysis of the curves requires considerable time 
d will be presented in a later paper. However, the following 
marks apply to the curves as presented: At 25 millisec there 
2 well-defined emission peaksat 1.42 and 1.80 microns, two broad 
aks covering the range 2.4-2.9 » and 4.1-4.6 uw, and other 
aks at 5.5 yw, 6.0 w, and 6.75 uw. There are irregularities, al- 
9st completely masked, in the range 3.2-3.7u. Methane is 
own to have a band in this region so that the minimum in the 
sinity of 3.3 «in the early stages of the combustion may be ab- 
rption by unburned methane. The development of these 
aks can be followed with time. The rather complicated struc- 
re of the 2.4-2.9 » and 4.1-4.6 w bands is probably somewhat due 
self-absorption. The OH radical is known to have a funda- 
sntal frequency corresponding to a wave number of.3570 cm™}, 
a wave length of 2.8 microns. A well-defined minimum at 2.8 » 
n be seen at 25 millisec. This minimum grows less pronounced 
to a time of 200 millisec, but becomes slightly more pro- 
unced at later times. The complete time analysis of the spec- 
1 distribution could not be satisfactorily reproduced in Figs. 7 
d 8. Only those curves corresponding to the times indicated 
uld be presented. 


Discussion or TESTS 


The primary purpose in conducting the methane combustion 
s to examine the feasibility of using the data obtained for the 
termination of the prevailing temperature of the combustion 
cess as a function of time. There is considerable difference of 
inion as to whether the characteristic radiation emitted by 
ated polyatomic molecules (for example, the water-vapor and 
‘bon dioxide molecules at 2.7 and 4.5 microns) is of a thermal or 
a chemiluminescent nature. If the radiation is of a thermal 
ture, a determination of spectral brightness and emissivity at 
y two wave lengths should give the proper temperature with 
> application of the established radiation laws. Experiments 
this nature, using the wave length 2.7 and 4.4 microns were 
tied out by Schmidt (5) and are discussed in the text by Lewis 
d von Elbe (6). 

Another view of the problem is given by Gaydon in his text (7). 
can be seen in Figs. 7 and 8, that the existence of the char- 
‘éristic radiation emission peaks (assuming the radiation is of 
thermal nature) results in an effectively higher emissivity in 
se spectral regions. It will be noticed also that the relative 
ensity of the emission peak near 2.7 », as compared to the 


113 


50 100 150 200 250 300 350 400 450 500 


TIME, MILLISECONDS 
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peak at 4.5 u, tends to increase at the beginning of the combustion 
process and decrease near the end of the time for which the proc- 
ess was analyzed. The ratio of the intensity of the peak at 2.7 u 
to that of the peak at 4.5 uw is plotted in Fig. 9, as a function of 
time. It will be noted that the peak ratio is reached near a time 
corresponding to the time in Fig. 5 for which the peak intensity 
for the radiation at various wave lengths is a maximum. 

Mixture strength and moisture content are known to have 
considerable influence upon the ratio of intensities of the bands at 
2.7 » and 4.5 yw, but the effect of temperature undoubtedly is of 
primary importance, the band at 2.7 probably being favored 
at higher temperatures (see ref. (7), chapter X). There are two 
phenomena present in the data which might lead to a clearer 
understanding of the nature of the radiation from combustion 
processes similar to the one studied. One of these is to be seen in 
Fig. 5. Subsequent to the first discontinuity in the vicinity of 
90 millisec, the rate of increase of intensity at 4.5 » is much slower 
than that at 2.7 » and also much slower than the rate of increase 
of intensity prior to the discontinuity near 90 millisec. The other 
phenomenon is the effect previously referred to and illustrated in 
Fig. 6, namely, that the peak intensity at wave lengths where 


» strong emission is present is reached sooner than at wave lengths 


where none of the characteristic radiation exists. Further study 
of these two effects may furnish information relative to thermal- 
equilibrium conditions during the combustion. 

On the strength of two very broad assumptions, (a) that the 
radiation of 2.7 » and 4.5 u is purely of a thermal nature (no chemi- 
luminescence), and (6) that the source giving rise to the radiation 
can be treated as a gray radiator at these wave lengths, it is 
possible to calculate the temperature for the combustion process 
as a function of time. This can be done by finding the value of 
T which satisfies the following equation 


14320 
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5s 14320 
Le QDs ee 


By carrying out such a calculation, the results shown in Table 
1 were obtained. The low values of temperature undoubtedly 
were due to the fact that factors other than temperature, such 
as total mass and relative proportions of the radiating com- 
ponents, have considerable influence on the ratio of the bands at 
2.7 w and 4.5 ». However, the fact that the maximum tempera- 
ture, as calculated, was reached at a time corresponding to the 
peak intensity at all the spectral wave lengths, is not to be over- 
looked. 
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TEMPERATURE CALCULATIONS FOR 8 PER CENT 
ARE TBTHANE IN AIR SPARK-IGNITED COMBUSTION 
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CoNCLUSION 


The primary purpose of this paper was to indicate what can 
be done in this field with the equipment developed. Further 
work will be carried out, of a more precise nature, with a large- 
aperture infrared spectrograph, utilizing a bank of ten photo- 
thermal detectors. This unit will be capable of determining 
the spectral intensity, as a function of time, simultaneously at 
ten different wave lengths. Further experiments will be directed 
toward a true determination of the temperature as a function of 
time, the incorporation of a pressure gage to determine pressure 
as a function of time, the effect of type and exposed area of 
surface, and other effects. 
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Discussion 


F. B. Downine.? The author’s analysis of energy release 
the combustion of methane introduces a quantitative spectral 
proach to combustion processes which promises to elucidate |i 
portant steps in the kinetics of flame propagation and explosifin 
The wealth of literature on combustion research is a sound inf 
of the importance of combustion to science and civilization, bul} 
is also a confession of the complexity of the subject and the nt ; 
for new and simplifying methods of scientific approach. Tf : 
chemical engineer, the development of techniques for establish} 
the kinetics of combustion is important not only for impro 1} 
the efficiency of power generation, but for directing the process} 
valuable chemical products. tt 

Application of the Golay pneumatic detector to this resea: i! 
takes advantage of the high sensitivity and rapid response of t 
gas cell. However, it is believed the Society is particularly f 


iF 
\\ 
tunate in having the practical experience and knowledge of cai 
struction and assembly of the detectors coincide with the cox 
bustion research. More rapid and successful development ca 
be anticipated, since here full knowledge of the advantages ami, 
limitations of the instrumentation will be applied simultaneousif 
with the planning of experiments and the interpretation of data. |} 
The General Engineering Branch, Signal Corps, is to be congra) 
ulated for sponsoring this project and for releasing this introdud 
tory review of the equipment and method of attack. 


AUTHOR’sS CLOSURE 


In Figs. 7 and 8 it will be noticed in connection with the ban} 
at 4.5 » that the long tail on the long-wave-length side is present 
This long tail was a subject of considerable discussion at the re 
cent Symposium on Combustion, Flame, and Explosion Phenom. 
ena held at the University of Wisconsin during the week of Sep. 
tember 6. Papers presented by Shirleigh Silverman, of the Ap 
plied Physics Laboratory, Johns Hopkins University, and G. B 
B. M. Sutherland, Pembroke College, University of Cambridge 
indicated some interesting possibilities in connection with tem: 
perature determinations by the use of the radiation from carbor 
dioxide on the long-wave-length side of the 4.3 band. This mat 
ter will be discussed further in subsequent papers. 


3'Assistant Director, Jackson Laboratory, E. I. du Pont de Nem 
ours & Company, Wilmington, Del. 


Performance Criteria for Positive-Displace- 
ment Pumps and Fluid Motors 


By W. E. WILSON,! RAPID CITY, S. DAK. 


{he comparison of performance characteristics of posi- 
e-displacement pumps and fluid motors on the basis 
dimensionless performance coefficients and dimension- 
s efficiency curves is presented as a substitute for the 
sent methods. It is shown that the coefficients describe 
‘formance adequately and are subject to significant 
erpretation in terms of the geometry of the unit. The 
nensionless efficiency curve is shown to have advantages 
presenting a wide range of data and in prediction of per- 
mance characteristics under any specified operating 
nditions. ; 


INTRODUCTION 


HE general confusion with regard to methods of presenting 
ese ciclaceesoupaoe and motor performance data 

with particular reference to lack of agreement in definition 
terms led to the preparation of the method of performance- 
a analysis and comparison described in this paper. 
an of definitions of efficiencies, and the introduction of coeffi- 
ats of performance and their definitions are attempted in order 
provide a logical and adequate means of describing perform- 
e. : 

PERFORMANCE EQUATIONS 


[he performance of a pump can be described in terms of two 
ple equations (1),? one of which expresses the delivery and 
other the torque as a function of the pertinent variables. 
ese equations are 
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ere 


= delivery in units of volume per unit time 

= displacement in units of volume per revolution 

= speed of rotation in revolutions per unit time 

= coefficient of slip 

= pressure differential across pump 

= dynamic viscosity of the liquid 

= loss in delivery due to cavitation in the neighborhood of 
the inlet 

= torque required to drive the pump in units of force times 
distance 

= viscous-drag coefficient 

dry-friction coefficient 


Préaiont: South Dakota, School of Mines and Technology; 
nerly Pump Division, Sundstrand Machine Tool Co. Mem. 
ME. 

Numbers in parentheses refer to the Bibliography at the end of 
paper. 

ontributed by the Hydraulic Division and presented at the 
i-Annual Meeting, Milwaukee, Wis., May 30—-June 5, 1948, of 
; AMERICAN SociETY OF MECHANICAL ENGINEERS. 

‘orm: Statements and opinions advanced in papers are to be 
erstood as individual expressions of their authors and not those 
1e Society. Paper No, 48—SA-14. 


Clarifica- ~ 


T, = frictional torque which is independent of speed and pres- 
sure 


Similar equations can be written for a fluid motor, differing only 
in the signs of the terms after the first on the right-hand side of 
the equations. In all cases the system of units used must be 
consistent. 

The power output Pou: and power input Pin of the pump can be 
expressed directly from the equations for torque and delivery, ~ 
making use of the basic relationships 


Pot = QAp 
Pi, = 27Tn 


The resulting equations for power are then 
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The ideal power P; of the pump is given by 
P; = ApDn 


The power output and power input can be written in terms of the 
ideal power thus 
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It is obvious that the power output is always less than the ideal 
power and the power input is always greater than the ideal. 

Efficiency can be defined in a general manner as the ratio be- 
tween an ideal and an actual quantity. This leads to the dis- 
tinguishing of three different efficiencies, namely, volumetric 
efficiency, torque efficiency, and over-all efficiency. ° 

The volumetric efficiency 7, is the ratio between the actual 
delivery and the ideal delivery, thus 


_ Dn—e, D/2x Ap/p»— Q, 


Ny Dn 
or 
Ap Q, 
Sat Mn ATS ne 7 
# *Qrun Dn U7] 


In a similar manner the torque efficiency 77 is defined as the 
ratio between ideal torque and actual torque, thus 
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The over-all efficiency 7 of the pump is defined as the ratio of 
power output to power input which is expressed, from Equations 
[5] and [6] thus 


Ap Q, 
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Jt can be demonstrated readily that the over-all efficiency is the 
product of volumetric and torque efficiencies 


The maximum efficiency which can be obtained with any par- 
ticular pump is determined by the equation for over-all efficiency, 
and is expressed in a very simple and significant form when cer- 
tain assumptions concerning relative magnitudes of terms are 


made. If one assumes that Q, and J, are zero, the efficiency 
Equation [9] can be written in the following form 
A 
Desh 2 
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This equation is interesting from the standpoint that the effi- 
ciency is expressed in terms of the coefficients c;, cg, and c;, and 
the dimensionless parameter (27 un) /(Ap) only, indicating that 
the maximum efficiency is a function of the coefficients only. 
The approximation made by neglecting 7, and Q, is very fre- 
_ quently valid. In addition, the neglect of these terms provides 
an expression for efficiency which may be used as a guide, giving 
as it does a measure of the maximum efficiency attainable with 
the pump so long as the clearances are unchanged. 

In order to obtain the expression for maximum efficiency, 
Equation [11] is differentiated with respect to the parameter 
(un)/( Ap), and the result set equal to zero, thus 
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Solution of this equation for the critical value of (un)/(Ap) 
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When this value of (un)/(Ap) is substituted in Equation [11] 
there results for maximum efficiency, qmax, the expression 
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It is significant that the maximum efficiency is dependent upon 
the product of cs and cg and not upon the value of each individu- 
ally. This makes possible the presentation of the maximum 
efficiency as function of the pump coefficients in the very simple 
manner indicated in Fig. 1. 


max >= 


SIGNIFICANCE OF COEFFICIENTS 


The method of defining the coefficients c,, c,, and cy requires 
that they be dimensionless numbers which can be shown to be 
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DisPLACEMENT Pump 


ratios of lengths involved in the geometry of the pump or fl 
motor. Consideration of the slip coefficient and the gene 
equation for flow between parallel plates reveals that the s 
coefficient can be represented by an equation in the following) 
manner: The general equation for slip flow, Qs, between paralle}i 
plates is (1) ; 
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where b is the width of the passage, J is the length, and 6 is th i 

perpendicular distance between the plates. Equating this to the}, 

second term of Equation [1], which is the slip i 
a 668 
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The displacement is proportional to the product of the square o ! 
the rotor radius RF and the length of the rotor L, hence 


which indicates the general nature of this coefficient. ii 

Since the coefficient of slip is a ratio of pertinent lengths in aij] 
pump or motor, it is descriptive of the effect of the geometry of H 
the unit on the slip. A series of geometrically similar pumps. 
would have identical slip coefficients, thus performing identically 
in so far as volumetric efficiency is concerned, | 

A similar demonstration shows that cg, which is also a dimen- 
sionless coefficient, made up of geometrical ratios, identical for a 
homologous series of units, can be expressed 


sa 
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The coefficient c, is a function of the coefficient of friction be- 
tween contacting metals, the dimensions of the unit, and its elastic 
properties; hence would not be expected to be identical for a 
homologous series. However, it is dimensionless and is useful in 
comparing performance of pumps and motors with particular | 
reference to wear characteristics. 

The product of slip and drag coefficients c,cg is significant as a 
measure of the excellence of the design from the standpoint of the 
proportioning of the clearances which exist between various 
elements of the pump or motor. It has been shown (4) that in 
the case of a simple vane pump there is an optimum clearance for ; 
operation at any particular value of the parameter (un)/(Ap).— 
This demonstration may be extended to include all types of — 
positive-displacement pumps and motors as will be shown. ; 

In order to show that there is an optimum clearance for opera-_ 
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1 at a particular value of the parameter (un)/(Ap), the effi- 
1cy equation is investigated, making use of the relationship 
ween the coefficients c; and cq and the clearance just developed. 
- this purpose these coefficients are expressed 


Aegan. oye 

Elan 2 USL 
stitution of these quantities in the general efficiency Equation 
] yields 
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e form of the equation indicates that for any given value of 
})/( Ap), there is a value of 6 between zero and infinity which 
es a maximum efficiency. 


DETERMINATION OF COEFFICIENTS 


The numerical value of the coefficients of the pump may be 
ermined experimentally as will be outlined briefly. This pro- 
lure has been discussed in greater detail elsewhere (2), and is 
iewed here simply to provide ready reference. 

[he torque and delivery of the pump should be measured under 
iditions of constant liquid temperature at the pump intake, for 
‘ious pressures and speeds. The data are best plotted as 
wn in Fig. 2. The slope of the torque lines is c,Dy as indi- 
ed. The slope of the delivery lines is the displacement D. 
lowing yw, the value of c, can be calculated. 

[he torque at zero speed is found by extending straight lines 
ough the plotted points for torque versus speed at constant 
ssure. This yields values of torque which are independent 
speed and equal therefore to the sum 
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TORQUE T 
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Qa Qr 
The delivery at zero speed is determined in a similar manner. 
This delivery is negative and is the slip at the given pressure. 
If the torque at zero speed and the slip are plotted as indicated 
in Fig. 3, the values of 7, and c,, and c; can be found as indicated. 
The slope of the torque line is 


D 
Qn (1 -<¢,) 


the intercept on the vertical axis is T,, and the slope of the slip- 
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Fig. 3 


pressure line is c,(D/u). Since D and pu are known, ¢, and ¢, can 
be calculated. 


EXPERIMENTAL RESULTS 


In Table 1 are shown experimentally determined pump and 
motor coefficients which have been established by the procedure 
outlined. Pumps of several different manufacturers are included 
in the list. Most pumps were stock models, although some were 
in various stages of development. In no case were the pumps 
operated at a speed sufficiently high to indicate conclusively the 
magnitude of Q,. 

The value of the drag coefficient cz is of the order of magnitude 
which one would expect from a consideration of the dimensions 
of pumps of the type under consideration. Calculated values of 
viscous torque indicate that the coefficient cq will generally be of 
the order of magnitude of 104 to 10°. 

The slip coefficient in most cases is larger than would be ex- 
pected from calculated values of slip. However, the coefficient is 
extremely sensitive to clearance values, being a function of the 
cube of the clearance (3). It is not subject to great accuracy of 
calculation since tolerances are relatively large compared to the 
clearance. In addition, heating of the liquid in slip passages, due 
to high rates of shear, results in a reduced viscosity and increased 
slip. This causes an experimental determination of a slip coeffi- 
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cient, based upon viscosity at the pump inlet, to include the heat- 
ing effect of the shear. 

The values of c, in many cases are excessive and indicate the 
necessity for additional consideration of dry frictional drag by the 
designer. This coefficient is an indication of the occurrence of 
metal-to-metal contact, and it is to be expected that a pump or 
motor which exhibits a large value of this factor will show signs 
of wear in a relatively short time. 

The torque 7, is very much like that associated with the coeffi- 
cient c, differing only in the fact that it is independent of pressure. 
It is desirable to eliminate it in alldesigns. With few exceptions, 
the value of 7’, has been kept down to a reasonable value. 


DimENsIONLEss Erricimency Curves 


The plotting of performance data in the form of dimensionless 
efficiency curves is a means of presenting a wide range of data in 
compact form as well as an excellent means of predicting per- 
formance outside the range of the experimental data, that is, at 
values of u, n, or Ap not readily obtained experimentally. Since 
performance is a function of the parameter (un)/(Ap) and not p, 
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Over-ALL Erricrency Pump E Oprratine as A Motor 


n, and Ap individually, an infinite number of combinations off 
these quantities is represented by a single experimental poin) 
giving an efficiency at a specified value of (un)/( Ap). ) 
Using the experimentally determined values of the performance i 
coefficients in Equation [13], the expression may be written foi ' 
the efficiency of the given unit. From this equation a curve cath} 
be plotted. This curve can be used safely to extrapolate beyond 
the range of the experimental data, provided due consideration | 
given to the possibility of reduced delivery due to cavitation ix | 
the neighborhood of the inlet. e 
The calculated value of maximum efficiency, shown in Table 1,)| 
is obtained by assuming 7, = 0. Comparison of pumps on the} 
basis of this efficiency may be carried out if due allowance is made} 
for the effect of T,. Specifically, pumps A and E cannot attain; 
the maximum efficiency indicated but will approach it when th 
pressure differential is very large. | 
The plotting of efficiency as @ function of the parameter is illus 
trated in Fig. 4 where the efficiency of pumps, B, C, and D, an 
motor Kare shown. Since 7',is zero for each of these pumps, this 
plotting is even more significant, showing as it does the actua 
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formance characteristic over a wide range of values of vis- 
ity, speed, and pressure. 


ConcLusions 


The use of the coefficients cs, ca, and c, and the torque T., to 
cribe the performance of a pump or fluid motor, is a method of 
nparing performance on a common basis. 

The interpretation of the performance characteristics in terms 
hese coefficients and 7’, constitutes a method of isolating weak- 
ses in design thus assisting in redesign for improved perform- 
ec. 

he presentation of performance data in the form of dimension- 
; efficiency curves offers a means of showing a wide range of 
@ in compact form as well as a means of determining suita- 
ity of the unit for an intended service. 


BIBLIOGRAPHY 


_ “Rotary Pump Theory,’ by W. E. Wilson, Trans. ASME, vol. 
1946, p. 375. 

| “Method of Evaluating Test Data Aids Design of Rotary 
mps,’’ by W. B. Wilson, Product Engineering, vol. 16, 1945, pp. 
—656. 

, “Rotary-Pump Theory,” by W. E. Wilson, Trans, ASME, vol. 
1946, p. 373. 

_ “Design Analysis of Rotary Pumps to Obtain Maximum Effi- 
icy,’’ by W. EH. Wilson, Product Engineering, vol. 17, 1946, pp. 
141, 


Discussion 


. H. Maupe.? It is interesting to note that the paper applies 
all types of positive-displacement pumps, regardless of design 
e and the natural pressure limitation of each design. In gen- 
|, and eliminating pumps of special manufacture, the engineer 
learned to select a certain design type of pump according to 
ximum circuit pressure, and these limitations may be stated 
‘ollows: 


Gear pumps for pressures not exceeding 1000 psi. 

Radial vane pumps for pressures not exceeding 2000 psi. 

Radial piston pumps for pressures over 2000 psi, and gen- 
ly up to 3000 psi. Certain small and special pumps of this 
e may be obtained for even higher fluid pressures. 


n quite a number of pressing operations the “load-deforma- 
”’ curve is of approximate parabolic form, somewhat similar to 
t given in a paper by the writer.‘ Ina direct pumping scheme 
ress operation, a high-low dual pump set is prescribed, which 
vides a high-volume low-pressure pump in conjunction with a 
ler-volume high-pressure pump. During the preliminary 
t of the pressing stroke, the combined discharges of both 
aps are employed up to the limit pressure of the low-pressure 
1p, after which the low-pressure high-volume pump is auto- 
ically by-passed, and the final part of the pressing stroke is 
pleted by the high-pressure pump alone. By careful selec- 
_of pumps and pressures, it is seen that it is possible to keep 
motor efficiently employed up to its rated capacity throughout 
rge part of the pressing cycle and thus make an economic in- 
lation. 


1 selecting such a high-low combination pumping unit, the - 


gner must also have knowledge of the oils which these pumps 
handle: 


Gear pumps will pump any press circuit oil employed. 
_ Radial vane pumps will not operate on an oil heavier than 
Assistant Chief Engineer, Industrial Division, Dominion Engi- 
ing Company, Limited, Montreal, Canada. ; § 
‘Principles in the Design of Modern Hydraulic Machinery,” by 
. Maude, Dominion Engineer, vol. 14, August, 1947, fig. 21, p. 12. 
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SAE No. 20W. Generally the oil is specified as 150-225 SUV at 
100 F. Heavy oils cause suction cavitation. 

3 Radial piston pumps require a heavy oil, sometimes as high 
as SAE 40 to 50, and having a viscosity of 920SUV at 100 F. The 
internals of the pump obtain their lubrication from a prescribed 
leakage from the pistons operating in the bronze cylinder body, 
which leakage is limited to 3 per cent maximum of pump dis- 
charge. 


All oils for hydraulic circuits should possess temperature sta- 
bility so that there is as little reduction in viscosity with tempera- 
ture rise as is possible. 

From the foregoing it will be noted that a low-pressure radial 
vane pump cannot be used in association with a radial piston 
pump, because of the difference in circuit oil requirements. 

Referring to the author’s researches into what he terms “dry 
friction” and its magnitude, this is a variable factor depending 
largely upon manufacturing inaccuracies. All machines made 
along the lines of quantitative production are made to certain pre- 
scribed tolerances and allowances with selective assembly. Nev- 
ertheless, in assembly, small misalignments plus approaching high 
and low dimensions compound to give a pump not exactly to true 
standard, so that on test, it immediately develops undue heat. 
This is the “dry-friction” factor and the remedy is hand-fitting to 
bed in the mating parts. 


O. E. Tercuman.> The author of this paper is to be commended 
for applying dimensional analysis and similitude to the analysis of 
performance data of positive-displacement pumps and fluid mo- 
tors. The plotting of efficiency data, obtained from performance 
tests, against the dimensionless parameter (un)/(Ap) gives a very 
effective means for comparing a variety of operation conditions. 
The coefficients of viscous drag cq, slip c,, and dry friction ¢, de- 
rived from the discharge-speed and torque-speed diagrams, give 
the designer a basis for evaluating various design features and 
their influence on the over-all efficiency. The diagram given in 
Fig. 1 of the paper, showing the maximum efficiency as a function 
of the product c,cz for various values of c,, is indicative for the 
limitations in performance of certain designs. 

From the simplifications made to obtain Equation [11] of the 
paper, as well as from the diagrams, Figs. 2(a) and (0), it is under- 
stood that only straight-line relationships of torque speed and dis- 
charge speed are used in the analysis. Experimental data usually 
show that there is only a limited speed range where this holds 
true. The term Q, in Equation [1] is a function of the speed 
causing, for the pump, a downward bend of the discharge- 
speed curve in the higher speed range. The torque-speed rela- 
tionship is linear only in the region of “‘perfect” lubrication. For 
low values of (un)/(Ap), imperfect film lubrication sets in similar 
to conditions as observed on journal bearings, where the co- 
efficient of friction and consequently the friction torque increase 
sharply below a certain minimum value of (un)/( Ap) for any given 
ratio of bearing diameter to clearance in the bearing. Under cer- 
tain conditions, this will affect the maximum efficiency obtaina- 
ble, giving a smaller ymax at a somewhat higher (un)/(Ap), as 
compared with the yalues corresponding to Equations [11] and 
[13]. 

Another uncertainty is attached to using viscosity values in 
the approach lines for (un)/(Ap), neglecting local heating and 
change of viscosity at the locations in the pump where the slip and 
torque losses occur. It will always pay to check these conditions 
before any extrapolation beyond the range of experimental data 
is applied. 

With regard to nomenclature, it should not be out of order to 
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raise a question concerning the term “cavitation” as used in con- 
nection with Q,. Would it not be better to reserve this term to 
conditions where “‘vapor-filled cavities’ are encountered, the 
collapse of which causes the phenomenon called “‘cavitation ero- 
sion?’ In oil-hydraulics,-would not “‘aeration” or “separation” be 
better terms for the formation of cavities that are mostly filled 
with air? 
AuTHOR’s CLOSURE 


Mr. Maude summarizes present practice and general limitations 
on positive-displacement pumps and motors, opening as he does so 
the topic of the design of pumps and motors for special purposes. 
The limitations with respect to pressure and type of oil cited by 
Mr. Maude are to a considerable extent the result of standard 
practice with reference to clearances. The basic significance of 
the clearances built into a positive-displacement unit when fully 
appreciated should result in designs capable of performing satis- 
factorily under conditions now deemed outside the practical range. 

Mr. Maude’s observations on the significance and cause of 
dry friction are extremely pertinent. It it unlikely that the aver- 
age designer appreciates fully the magnitude of the energy loss as- 
sociated with relatively slight metal-to-metal contacts when high 
speeds are involved. 
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Mr. Teichman discusses several very basic topics, among 


which are imperfect lubrication, variatiou of liquid viscosity due 
to local heating, and nomenclature. As Mr. Teichman points out, 
the linear relationships suggested in this paper exist only for lim- 


n bic = 
ited ranges of the parameter zs Deviations due to breakdowns of 


the lubrication are apparent in all experimental studies providing 
the low-speed high-pressure ranges are investigated. Much sig- 
nificant research remains to be done in determining completely 
the consideration which must be given tc this fact in design. 

The effect of viscosity variation on pe’ -r™ance is a factor of 


prime importance in design. The comph _.**"e problems 
which arise in attempting to predict th~ Sais ihe “oy given 
set of circumstances are so great that uo et Aley SSS Wd ~ uulat- 


ing a design procedure have been taker! ie oy i using field 
of research exists in this area. : ae pes 

Mr. Teichman very properly questic .s the use of the word 
cavitation to describe the formation and decay of air-filled pock- 
ets. Prof. R. T. Knapp, authority on cavitation has expressed 
the opinion that this phenomenon shou _erly be considered 
cavitation. It would seem that usage ax. custom must ultimately 


determine the choice of word. 
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Response Characteri 


stics of Thermometer 


Elements 


A. J. HORNFECK,! 


Speed of response of the thermometer element is an im- 
portant factor in th accurate measurement and control 
of temperat-~ .dustrial processes. This paper dis- 


cusses th - of the time constant as a basis of 
comp — _vts and shows quantitatively by 
means ( ves the effects of varying the design 


factors suc ‘size, materials, and internal ele- 
ment structure. th. relation between the heat-transfer 
rate from the surrounding medium to the socket wall and 
the element response #s shown by response data for a num- 
ber of designs''>sted im air and water. Methodsare given 
for determining” “'smperature versus time response 
curves of elements ina medium whose temperature is 
changing suddenly, uniformly, and sinusoidally as a 


function of time. 


Sprep or Response As A Factor IN TEMPERATURE MEASURE- 
MENT AND CONTROL 
N almost all applications involving the measurement and 
if control of industrial processes, temperature is of funda- 
mental importance as a guide to the successful operation of 
these processes. Temperature of the medium is usually inferred 
from the temperature of an immersed element such as a thermo- 
couple, a resistance wire, or a bulb filled with expansible liquid 
or gas. This element is heated by any or all of the three modes 
of transfer, i.e., convection, conduction, and radiation. While 
conditions can be controlled in the laboratory so that tempera- 
tures can be measured and reproduced to an extraordinary pre- 
cision, such conditions do not generally exist in industrial proc- 
esses. 

In many cases the heat-transfer rate to the temperature- 
measuring element or its protective socket is a factor determined 
by the process and is not controllable. Also, the thermal element 
must be sufficiently massive to withstand corrosion and me- 
chanical shock and is generally enclosed in a socket whose thick- 
ness and construction are determined by pressure and other 
factors. 
ance-thermometer elements are shown in Fig. 1. The design and 
application factors determine the lag of the element temperature 
behind that of the medium and sizable errors may result under 
conditions of change. Consequently an important consideration 
in the accurate measurement and control of the temperature of 
industrial processes is the response characteristic of the measur- 
ing element. 

A great deal of justifiable emphasis has been placed on those 
factors which are important to fundamental accuracy such as 
purity and reproducibility of thermocouple and _ resistance- 
element materials, aging and contamination of materials, in- 
strument accuracy, and the like. The application sources of 
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error including response lag are equally important but in many 
cases are neglected or minimized because of a lack of specific in- 
formation and data to enable the engineer to properly evaluate 
these factors in analyzing his special problems of temperature 
measurement. 

The importance of the response characteristic in the accurate 
measurement and control of temperature was recognized in cer- 
tain vital processes engaged in during the last war. Conse- 
quently a specific development was organized and carried out 
to determine the correlation between the physical factors and the 
speed of response of thermal elements and to design elements 
based on this study to have the fastest response consistent with 
all the other desirable features involved, such as mechanical 
strength, corrosion resistance, and minimum conduction and 
radiation errors. The physical factors include the thermal prop- 
erties of the medium as well as the geometry of the thermal ele- 
ments and the properties of the materials making up the element 
and its protecting socket. Since the completion of this develop- 
ment, further investigation has been carried out to determine 
additional data and to extend the methods and analysis to more 
general application. The object of this paper is to summarize 
these test results and to correlate these results to the physical 
factors. ‘The tests were made with various designs of elements 
and sockets in media ranging from stagnant air to flowing water 
in order to cover a wide range of heat-transfer rates. 

Although most of the response data were obtained using re- 
sistance-thermometer and thermocouple elements in metallic 
sockets, the method of analysis and the conclusions can be ex- 
tended in a general way to all types of thermal elements including 
thermal control devices. Certain differences in the design and 
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-materials making up these elements will of course influence the 

characteristics. For example, the stem lag of partially immersed 
elements such as mercury thermometers is a complicating factor 
as discussed in an article by Noyes (5).2. However, in all cases 
the problem is fundamentally one of transient heat flow. A com- 
pletely general and rigorous mathematical solution is probably 
not possible and certainly not practical to the design and ap- 
plication engineer. The methods employed in this paper involve 
a combination of relatively simple theory of equivalent heat- 
flow circuits with heat-transfer data and specific response data 
to establish a basis for determining with reasonable accuracy the 
response of thermal elements. The present state of knowledge 
of heat-transfer coefficients and thermal properties of materials 
at various temperatures does not justify more rigorous methods. 
In a few cases where temperature of the medium can change 
frequently and rapidly, such as surrounding air temperatures of 
an aircraft, a knowledge of the response characteristic might be 
as important as steady-state accuracy. However, in most in- 
dustrial applications, approximate calculation of the response 
lag to 10 or 20 per cent is satisfactory. The problem, in gen- 
eral, is to obtain the highest speed of response in a specific heat- 
transfer medium and consistent with good design practice. 


Tue TuermaL Time ConsTANT AS THE ELEMENTARY Basis 
FOR COMPARISON 


A bare resistance thermometer element or thermocouple im- 
mersed in a heat-transfer medium can be considered as a single 
lumped thermal capacity exchanging heat through a single lumped 
conductance as shown in Fig. 2a. This circuit also approximates 


Cs=  seRMAL RESISTANCE C R 
BETWEEN MEDIUM 


THERMAL THERMAL Feel! ie 
CapAciIN foo caee NE CAPACITY Tae. | a 
OF Es=F(t) c ere 
SOURCE AT 
@ DEGREES | 


@5= F(t) Q=a 
2 a -THERMAL C b- ELECTRICAL 


Fie. 2 (a) THermau Circuit or THE ELEMENTARY THERMOMETER 
(6) AnaLocous Exxmctric Circuir or THE ELEMENTARY 
THERMOMETER 


that of a mercury-in-glass thermometer, bare gas-filled bulb, or 
thermostatic element of the expansion type. In many applica- 
tions it is also a reasonably accurate representation of the heat- 
flow circuit even when the sensitive element is enclosed in a pro- 
tecting tube or socket. A more general treatment of the element 
in socket case is considered later on in this paper. 

The thermal circuit is exactly analogous to the electric circuit 
shown in Fig. 2b in which the capacitor C is charged to a potential 
e through a resistance R from a source such as a battery or gen- 
erator. The source in either case is assumed to have an infinite 
capacity so that flow of current or heat into or out of it has no 
effect on the potential. This potential as represented by voltage 
or temperature is considered to be varying as some function of 
time denoted as 6, = F(t). 


The differential equation for the thermal circuit is 
F(t) = RCd0/dt + 6) 0392.5 1 (1] 


If the temperature of the medium changes suddenly from an 
original steady-state value of degrees to a new value of Om de- 
grees, the temperature of the element at time tis 


8 = A + (A, — 6) (1 — e—#/RC) 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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The temperature lag expressed as a part of the total tempera- 
ture change is 


0 = 00 


The product RC is the time constant symbolized as to. It has J 
units of time and is numerically equal to the time required for the 
element lag to be reduced to 1/e or 0.368. In other words, when ff 
i = to, the element will have accomplished 63.2 per cent of the |} 
total medium temperature change. If the natural logarithm of 
Lis plotted as a function of ¢ the resultant curve is a straight line |f 
having a slope equal to —1/ts. - H | 

Since thermal conductance U is a more familiar factor than re- |} 
sistance, the thermal time constant is perhaps better represented | 
by the ratio of thermal capacity to thermal conductance. Sym- |} 
bolically, t = C/U. | 

In very few industrial applications does the temperature of a 
process medium change suddenly enough to be considered in- 
stantaneous as assumed in this analysis. In test or*laboratory | 
work, temperature elements may be exposed to such conditions 
as, for example, when immersed suddenly in a bath or fluid stream. 
However, regardless of how the medium is changing, the time 
constant is the basic factor which determines the response of 
the thermometer element. | 

A number of response equations for changing medium tempera- |} 
tures are listed as follows: These solutions are based on the as- | 
sumption of an elenientary thermometer element, but apply with | 
certain limitations to most applications. 

1 Condition. The medium changes at a constant rate of r || 
degrees per unit time beginning at 4 deg at 0 time 


i} 


0 =f +n £0—— eee [4] 
and 
Tire Oe ee 5] 
rt t 4 


For large values of ¢ the lag in degrees is simply 


2 Condition. The medium changes at a constant rate of r__ 
degrees per unit time for a period of ¢, units of time. 

In the interval from ¢ = 0 to t = ¢, the response and lag are 
given by Equations [4] and [5]. Fromé = t, tot = o the re- 
sponse is given by the following equation 


—(t—ta) 
0’ = 0 + rtz — rtp (1 —ete/r) g to [7] 
and 
, ee) 
L= - (r — eRteltle "tee eee [8] 


3 Condition. The temperature of the medium changes as 
& periodic sinusoidal function of time about a mean value of 4% in 
accordance with the equation 6, = 0) + 6, Sin (24 ft). This might 
be the case with a hunting control cycling at a frequency of f 
eycles per unit time. The complete response equation is 


0 
0=8, = ne —t/t 
oT es [wtpe*/%° 
+ VSI + wh? sin (wi — tan" wis)] es. eee [9] 
At steady state 


7) 
es po ae — S 
6 + Wy ieee sin (wt — tan! wh) ..... [10] 
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where w = 2x f and tan~! (wit) is the lag angle of the tempera- 
ture of the element behind that of the medium. 

Equation [10] is recognized more familiarly as that of the volt- 
age on a condenser in series with a resistance across an alternating- 
current power source. 

For large values of f and t it is apparent from Equation [10] 
that the element will not measure instantaneous medium tem- 
perature, but rather the average temperature 6. The ratio of 
the amplitude of the element temperature to that of the medium 


s 1 

————————— 
VI + wie? é: 

the medium at time ¢ is given by Equation [11] 


The lag in degrees between the element and 


g wt 8 


™m . 1 
— Wis we sin (w + ton) ea {11] 


In general, if the known or assumed variation of the tempera- 
ture of the medium can be expressed as an analytical function, 
the response of the measuring element can be determined by solv- 
ing the differential Equation [1]. Conversely, the temperature 
of the medium can also be inferred from the response record of 
the temperature of the measuring element. 

The time constant t is the single constant of the elementary 
thermometer which determines its response. Since the response is 
an inverse function of fo, it is sometimes more convenient to com- 
pare elements on the basis of 1/t) which is defined in this paper 
as the response factor Rf. 


EXPERIMENTAL PROCEDURE 


Tf the elementary thermometers at a uniform temperature 4, are 
suddenly immersed in a medium at temperature 6,,, it is assumed 
that the response will be the same as if the element were immersed 
in a medium whose temperature is changed suddenly (6,, — 60) 
deg. Consequently, the response of an element determined by 
sudden immersion will be the same as defined by Equation [2]. 
The time constant can be obtained directly from the curve of per 
cent response plotted versus time by observing the time required 
for 63.2 per cent of the total change. A better method consists in 
determining the slope of the lag curve plotted on semilog co- 
ordinates. Equation [3] expressed in logarithm form is 

—t 


ingie———— 
to 


= = where In L = logarithm of L to base e 
n 


Since the ordinates of the semilog paper are distributed ac- 
cording to logarithm to base 10, the expression for log L becomes 


log L = —+t/to loge = —0.435 t/to 
and 


0.4385 ¢ 
log L 


or 


0.435 tn 
ate oe 
n 


number of cycles of plotting. 
time given by the intersection of the lag curve with 
U . 
the time axis. 
For example, assume that log L is plotted over the range 1 to 
0.01 in which case n = 2 and 


where n = 
n = 
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0.435 tn 0.435 tn 
to = = ——__ = 0.2175 t 
eo) ernie tor 0.0L 2 e 


In determining test data it was found convenient to use an 
electronic-type recorder of the continuous-null-balance type such 
as described in a recent paper (10) by Dickey and Hornfeck. A 
round-chart instrument was used by speeding up the chart move- 
ment from 24 hr to 48 sec. A high-speed recorder mechanism 
was used to enable the reeording pen to travel across the chart 
in less than 1.5 sec. The typical response curve on the round chart 
is a-spiral record as shown in Fig. 3, and each test was run until 
the records overlapped indicating no further significant change 
in temperature. 

This equipment was generally quite satisfactory in obtaining 
response data of industrial-type thermometer elements. How- 
ever, fine-wire thermocouples and bare resistance thermometers 
in liquids and high-velocity air streams were found in some in- 
stances to have speeds of response greater than that of the re- 
corder. Since these are simple elements, it is usually possible 
to extrapolate actual test data of heavier elements or elements 


Fic. 3. Typican Response Recorps OsTainep Wir A RounpD 
Cuart Recorper; Time Scausz, 1 Hr = 2 SEc 


(Chart A, cooling curve of element in water; Chart B, cooling curve of 
same element in air at 50 fpm velocity.) 
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in low-heat-transfer media to determine the response of lighter 
elements or similar elements in high-heat-transfer media. 

In making tests special effort was made to minimize such fac- 
tors which might falsely distort the response curve. These in- 
clude: 1, time of transfer of element to medium to initiate the 
response; 2, nonuniform heating or cooling of the element, par- 
ticularly the enclosed-socket type; 3, longitudinal transfer of 
heat down the socket or element leads to the head exposed to a 
different temperature from the medium: 4, variations in tem- 
perature of the medium during test; and 5, change in heat- 
transfer factors of the medium and thermal properties of the ele- 
ments over the range of temperature. 

The time required for full immersion was less than 1/, sec and 
had negligible effect on the response tests except in a few instances. 
Factors 2, 3, 4, and 5 were minimized by making most of 
tests at or near ambient temperatures and the total rise or fall of 
temperature relatively small (generally under 100 F). In spite 
of these precautions certain deviations of the response curves 
from those predicated by simple theory were occasionally ob- 
served. 

In general, it is believed that the response data on the particular 
elements tested are accurate to +2 per cent in water and +5 per 
cent in the airstream. The accuracy with which these data can be 
extrapolated or interpolated to specific industrial installations 
depends on how accurately the heat-transfer coefficients and the 
effect of variations in design, i.e., shape and size of the socket, 
from those tested can be calculated. 


RespPonse Trust Data 


Resistance Thermometers. .The majority of the response tests 
were conducted on resistance-thermometer elements both bare 
and in protecting sockets. This is justifiable on the basis of the 
increased use of the resistance thermometers in industrial-process 
and aircraft, applications where speed of response, sensitivity, and 
accuracy obtainable with this type of element are in many cases 
necessary or desirable. Furthermore, widespread use of the re- 
sistance thermometer for industrial applications is of relatively 
recent origin although it has been used as laboratory standard 
for precision thermometry for many years. Except for two re- 
cent papers (1, 2) little literature is available on the response lag 
and other sources of application error on this type of thermometer. 


TABLE 1 


Element and socket— 
Reference figure Description 


Bare flat element 
Bare flat element with 


os 


4a 
4b 
guard springs 


Element 4b in socket 4¢ Element in high-pressure 


at ‘ socket 
Element 4a in socket 4d Low-pressure high-speed 
unit 
Element 4e¢ in round Silver springs socket 
stainless (18-8) socket d, = 0.600 in. 


d, = 0.563 in. 


Same Same with Inconel springs 
4ein brass socket Silver springs Boaret 
dz = 0.598 in. 
- d, = 0.568 in. 
Same : Same with Inconel springs 
4ein aluminum socket Silver springs socket 
dz = 0.600 in. 
di = 0.563 in. 


4f element in round 
stainless steel socket 
4g stainless steel socket 


4h 


Low-pressure round unit 


Integral unit socket not 
separable 

Integral unit for low pres- 
sure and temperature 


: . application 
4h in 3/,-in. OD separa- 2 : 
ble brass socket 


Nore: Average temperature: 
100 F, water = 40 F ri 
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air = 130 F, water = 100 F: 
; Pressure; atmospheric 29.6 in. Hg. (approx). 


FEBRUARY, 1944] 


A number of commercial and experimental designs were ana 
the designs tested used platinum wire as the sensitive elemen 
and because of the very small thermal capacity of the actuz 

and the bulb form a single unit which cannot be disassembled f 


lyzed and tested. These are shown in Fig. 4. All but one of 
wire, the data would apply as a close approximation to copper o 
The first design has thé advantage of permitting the use of i 


1 
are two basic types of construction: 1, the separable socket an¢ 
readily removed for replacement and repair, and 2, the integra | 
standard internal element in all types of sockets whether for hight | 


\ 
nickel wire elements. It will be noted from the figures that ther¢ 
element type (Fig. 4a to 4f) in which the internal element can be 
type as shown by types 4g and 4h in which the sensitive elemen 
or low pressure or corrosive or noncorrosive atmosphere. The 


second design, because of its integral construction, can be madd 
to have a higher speed of response when applied alone but it has} 
the major disadvantage of requiring a second protecting socket 
in many applications. | 
The single time constant t defines the response characteristic 
of bare elements in any heat-transfer medium. While the re 
sponse of an element in a socket may deviate from a straight 
line on a semilog graph, these more complex thermometers can 
be approximately compared on the basis of an equivalent time\¥} 
constant. Table 1 summarizes the data on the various thermome-/}) 
ter elements tested in air and water. The data show the} 
response of the elements for a wide range in velocity of the air. 
At low velocities the time constant of the element is deter-\#! 
mined almost entirely by the heat-transfer coefficient to the} 
socket and the thermal capacity of the socket. Consequently |} 
the response factor, 1/t for a particular socket is a function of the} 
air velocity as shown by the curves in Fig. 5. The slopes of these}! 
curves in this region are theoretically equal to the exponent of the} 
velocity term in the expression for the heat-transfer coefficient |} 
from air or other gases to round cylinders. The exponent in-| 
creases somewhat with velocity as indicated by these curves. At|f 
high velocities it will be noted that the response curves begin | 


sponse would ultimately become constant at a value equal to the | 
conductance between the inner wall of the protecting socket and |} 
the sensitive element divided by the thermal capacity of the in- 
ternal element. This factor may be called the internal response | 


Time constant — t — sec 
350 ft Air at Water at 
per 950 ft 5300 ft 60 ft per min 
min per min per min (approx) 
5.6 4.1 2.6 at 1800 less than 1 sec 
34.5 24 15 at 1800 less than 1 sec 
136 23 
49 33.5 15.5 1.3 
55.5 40 16.5 7.5 
81.0 65.0 42 31.8 
38.5 29.0 13.3 6 
67.5 55.0 38.0 30:5 
30.5 25 12 5.0 
32.5 24 13.3 5.1 
68 47 18 1.6 
43 28 10 0.9 
48.3 


i Tange of temperature change: air = 
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S : ELEMENT & SOCKET 
< BARE ELEMENT FIG 4a 
ELEMENT & SOCKET FIG 4f 
o ELEMENT FIG. 4e IN ROUND ALUMINUM SOCKET 
z d1=.563 IN. d2=.600 IN. 
<a ELEMENT & SOCKET FIG 4h 
oO. ELEMENT FIG 4e IN ROUND STAINLESS STEEL 
tw SOCKET di=.563IN. dz=.600 IN. 
2 ELEMENT & SOCKET FIG. 4g 
RV SAME UNIT AS FOR E-E BUT WITH 
 ebean INCONEL SPRINGS ON ELEMENT 
EXTRAPOLATED CURVE ——+ —— UNIT SHOWN BY FIG ah iN 
PLOTTED T© THE RESPONSE | SEPARABLE BRA s 
FACTOR IN WATER AS THE +7774 di=.435 IN. d2=.875 IN. 
Paar TEMPERATURES OF AIR = 80° F_ APPROX. 
Om =180°F APPROX. 
ol -02 03 .04.05 06 O8 .I 2 3 4 5 67691.0 2 3 4 5678910. 
AIR VELOCITY — FT/min, x 103 
Fic. 5 Tue VARIATION OF RESPONSE Factor (REcIPROCAL OF TIME ConsTANT) WiTH ArR-STREAM VELOCITY 
factor. It will be observed that for integral units, which have diameter ratios. This figure shows the relatively small effect of i] 


extremely small internal time constants, the response in- 
creases indefinitely with velecity over the test range. On 
the other hand elements which have an appreciable internal time 
constant show considerable drooping at higher velocities. 

In most liquids with the possible exception of relatively viscous 
oil the equivalent time constant is determined principally by the 
internal thermal conductance and capacity. Exceptions exist 
in the case where the socket wall thickness is very great for ex- 
tremely high-pressure applications and where the socket material 
is limited to metals such as stainless steel or to nonmetals which 
have a high thermal capacity and a low thermal conductivity. 
Consequently an excellent method to determine the internal 
time constant is to obtain the response characteristic in water. 
This is particularly accurate for very thin-wall sockets. In Fig. 
6 the time constant of the resistance-thermometer element shown 
in Fig. 4e enclosed in a round socket is plotted as a function of 


socket thickness on response in a, high-heat-transfer medium. 
For example, the stainless-steel socket with silver conducting 
springs shows variation of time constant with socket thickness | 
down to a wall thickness of about 7/3: in., beyond which point | 
there is relatively little change indicating that most of the remain- | 
ing lag is internal. The brass socket with Inconel conducting ' 
springs shows considerably less effect produced by changes in the 
socket size because the low thermal conductivity of the Inconel | 
compared to silver increases the internal time constant. 

Table 2 shows the time constants of several elements in various | 
fluids. In general, other things being equal, the heat-transfer | 
coefficient and the response factor will be approximately inversely 
proportional to some function of the kinematic viscosity, which is | 
the ratio of absolute viscosity divided by the density. The data 
indicate that in most liquids the response is higher than in air 
and other equivalent gases at even high velocity. 


TABLE 2 TIME CONSTANTS OF SEVERAL RESISTANCE THERMOMETER ELEMENTS IN VARIOUS HEAT-TRANSFER MEDIA 


Element and socket Air 


Carbon 


Liquids at approx. 60 fpm velocity—H———__. 


cohol Bthyl Lavi 
Reference ee 1800 Ace- tetra- syn- Benz- a Heavy nol 
gure Description fpm Water tone chloride thetic ene tate oil salts) 
4b less 
Bare flat element than 
: with guard springs 15 1 2.5 3.6 2.5 2 
4b in 4c Flat element in high- 
‘ pressure socket 76 23 . 23 
4a in 4d Low-pressure high- 
f speed unit 24 1.3 3.1 2.5 2.9 2.2 Ae 9.4 
4f in Low-pressure round ? : 
ee unit 
socke : 18.5 5.1 8.7 8.5 7.4 if 
a Stain- Integral unit 31.0 1.6 ade 4.2 PIS fh oe a 
ess- : 
steel 
socket 
Integral unit 19.0 9 2.6 2.7 2.0 2.5 AK ( 25 
Norz: Average temperature: air = 130 F, Lavite = 600 F, other liquids = 100 F; Range of temperature change: 


other liquids = 40 F 


air = 100 F, Lavite = 400 F, 
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THERMOCOUPLES 


Thermocouples either bare or in protecting sockets exhibit the 
same type of response characteristic as resistance thermometers. 
This is obviously true since the thermal circuit from the heat- 
transfer medium to the sensitive thermocouple element is basi- 
cally the same as that of the resistance thermometer. Table 3 
shows the time constants of various thermocouple elements. 
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CURVE, 

28 A- BRASS SOCKET AND SILVER 
CONDUCTING SPRINGS 

B- STAINLESS STEEL (18-8) SOCKET AND 
SILVER CONDUCTING SPRINGS 

C- BRASS SOCKET WITH INCONEL 
CONDUCTING SPRINGS 


D0 - STAINLESS STEEL SOCKET AND INCONEL 
CONDUCTING SPRINGS 
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outer wall of the socket. Consequently, as the data show, this 
type of installation is very sluggish under all conditions. If the 
thermocouple makes good contact. with the socket or is welded 
or soldered into the end of the socket or, as in some cases, if the 
socket itself forms one of the thermocouple conductors, the in- 
ternal lag is generally small or negligible and the time constant 
is determined almost entirely by the thermal capacity of the 
socket and heat-transfer coefficient to it from the medium. In 
general, the bare thermocouple will have a response similar to 
that of the bare resistance-thermometer element except that addi- 
tional lag may be introduced by the support on which the re- 
sistance wire is wound. Since the bare thermocouples tested 
were of larger wire size than the resistance thermometers, they 
are somewhat slower as indicated by the specific data. 


DETERMINATION OF RESPONSE From Basic Data AND BY ExXTRA- 
POLATION OF TEST RESULTS 


The test thermometer elements have been compared on the 
basis of a single equivalent time constant. ‘While this may not 
be mathematically correct in so far as defining the complete re- 
sponse curves, it does serve as a satisfactory criterion of com- 
parison. On the other hand if the response is to be predetermined 
by calculation from basic data or by extrapolating test data for 
new heat-transfer conditions, the equivalent time constant can 
be calculated only if the thermometer is physically equivalent to 
a single thermal capacity in series with the boundary resistance. 
Strictly speaking only a bare element can be so represented, but 
in practice the socket-protected element often has a response 
characteristic defined by a single exponential function. Conse- 
quently it is relatively easy to calculate the time constant of such 
an element providing the thermal capacity and heat-transfer 
rates are known. The time constant is given by the simple equa- 
tion 


 ORIBipef a: ACT BGI bE doh Ng eee NT [13] 
d hA 
i, 
fic.6 Timm Constants or SocKET-ENCLOSED ELEMENTSIN WATER where 
As A FuncrTion oF Socket S1z5 ’ : 
[Element shown in Fig. 4(e).] p = density of material 
V = volume of element 
If the thermocouple does not touch the walls of the enclosed c = specific thermal capacity of element material (specific 
socket, the thermal resistance between the inner wall of the heat) 
socket and the thermocouple element is high compared to the A = surface area ; 
ermal resistance between the heat-transfer medium and the 4h = heat-transfer rate from medium to element surface. 
TABLE 3 EQUIVALENT TIME CONSTANTS OF THERMOCOUPLES 
— Ti nstant — t—sec————~ 
Unit Se Seo Air “ 350 oa 1150 3350 5300 Water at 
no. Description 50fpm ‘ fpm fpm fpm fpm 60 fpm 
! ares ok saci 20 13 8 7.4 5.3 Less than 1 
- aneere poy grine: gurcmig: 12.5 Tho 3 Less than 1 
mail: nd brass : 
eae aes OD, */:s in. ID 750 325 198 135 103 Erratic 
No. 2i nd brass : 
: Sener in. OD, '/:s in. ID 332 150 109 59 39 Erratic 
5 No. 20 wire iron-constantan 
in 5/s in. he "ae in. iD 
i a eS 5 | A ga 283 171 lll 78 76.5 
6 Same as No. 5 but theme. 
i - fo) 
ey ee 7G 282 144 V7 38 30.5 2.0 
7 No. 20 wire iron-constantan 
eo te ai eer 56 36 22.0 12 8 Less than 1 
8 Same as No. 7 but couple sol- 
she De ple’ yt asa ane 19 14 6 4.5 Less than 1 
9 Commercial thermocouple and 
socket ee, we 12 
ire i in. 
boil Ai bed lac 220 136 79 73 57 
100 F; range of temperature: air = 100 F 


. Norn; Average temperatures: air = 130 F, water = 


water = 40F. 
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Any consistent set of units may be used. Generally the time 
constant is expressed in seconds and dimensions in inches. Con- 
sequently it wili be found convenient to express the foregoing 
quantities in the following units 


= l|b/in.® 

in.? 

Btu/deg F-Ib 
= in? 

= Btu/deg F-in?-sec = Btu/deg F-ft?-hr X 1.93 x 107° 

If, as usually is the case, the element consists of two or more 
materials in close thermal contact, as, for example, a thermocouple 
or a resistance element wound on a thin mica card, the total ther- 
mal capacity (C = pVc) must be determined by summing up the 
individual capacities. 

To illustrate the accuracy with which the time constant can be 
calculated for the elementary thermometer the integral-type ele- 
ment shown in Fig. 4h is taken as an example. Specifically the 
response of this element as a function of air velocity is plotted in 
Fig. 7 and compared against the test curve. In this case the cal- 
culations were relatively simple since nearly all the thermal ca- 
pacity lies in the socket itself and the resistance is determined 
almost solely by the heat-transfer rate from the air to the socket. 
Oceasionally it may be difficult to calculate the factor pVc/A in 
Equation [13]. An example is a bare thermocouple in which the 
proportions of the two metals are not known. In this case it is 
usually a relatively simple matter to determine this factor from 
a single response test under controlled conditions. By Equa- 
tion [13], C/A = ore 


> Ro No 
ll 


= th where & is the time constant de- 


termined by the specific test and h is the calculated heat-transfer 
coefficient. The response or the time constant of this element can 
then be calculated for any other condition so long as the heat- 
transfer factors are known. 


CALCULATION OF THE RESPONSE CURVE FROM 


Since the elementary thermometer response is determined by 
a single time constant and by the temperature change of the 
medium to which it is exposed, a complete response curve can 
usually be calculated if these are known. Fig. 8 shows the general 
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Ao ~ “SEC: 


RESPONSE FACTOR — Ry 


Aes (i (le ae A — dz =.422 INCH 


B — dp =.750 INCH 


TEST, =o — 
CALC. 


A cay 73 (4. 5) 6 28-941 2 3 45 6786910 


VELOCITY — FEET PER MIN X 10? 


Fie. 7 CatcuLtaTep AND TEest Curvps SHOWING THE RELATION) 
BETWEEN THE TimE CoNSTANT AND AtIR-STREAM VELOCITY FOR} 
ELEMENT IN Fia. 4(h). 


temperature-lag curves for an elementary thermometer plotted 
in terms of dimensionless time t/t. These curves apply to a) 
medium whose temperature changes suddenly, continuously at | | 
a uniform rate, or for a period of time at a uniform rate. From | 
these curves it is possible to determine the response of a specific 
element providing the time.constant and the rate of temperature | 
change of the medium are known. Fig. 9 is a calculated response 
curve derived from Fig. 8 for a specific element having a time | 
constant of 20 sec subjected to a change in temperature of 2 deg | 
per sec for 40 sec. ; 


Socket aNnD ELEMENT Design Factors 
1 Socket Mass. 


The effect of the mass of the socket is il- 


PER UNIT TEMP LAG L 


as 


Fie. 8 GENERALIZED TEMPRRATURE- 
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TEMPERATURE ~ ° F 


fe) 20 40 60 80 100 120 140 
TIME ~ SECONDS 


Fic.9 Derrivep Response aND Lag CurvVEs ror A Speciric ELE- 
MENT AND CONDITION 
(to = 20 sec, ta = 40 sec, r = 2 deg per sec.) 


lustrated in the curves in Fig. 10 which show the experimental 
and calculated relation between.time constant, to, and diameter 
ratio d:/d;. These curves were obtained on the separable socket 
type of element shown in Fig. 4e enclosed in a round protecting 
tube. The internal element and the internal diameter are con- 
stant throughout the tests. Calculated results were obtained by 
determining the total thermal capacity of the complete structure 
including the internal element as well as the socket. The thermal 
conductance between the air stream and socket wall was calcu- 
lated from heat-transfer factors available in the literature (3, 4, 
7). The following equation was used to determine the equivalent 
time constant 
RA: et a ee [14] 
=C,/U; + C2/U; + C2/U2 peste Arapiceaites uid a [15] 


In this equation U; is equal to the thermal conductance per inch 
length between the heat-transfer medium and the socket wall, 


and U; equals the thermal conductance between the inner wall 
of the socket and the sensitive element. 
In terms of the sockets’ dimensions this equation is as follows 


(AKAM digg int @, C, 
= eee 
‘ a Sc: 


where a = d2/d; 
Cc, = specific heat of socket per unit volume = pc 
h = heat-transfer factor between medium and socket wall. 


As will be shown later this equation is only an approximation 
since the exact response of the complex element of this nature 
cannot be calculated precisely by summing up the individual time 
constants; but it does yield an equivalent total time constant. 
It is a fairly satisfactory basis for comparison of elements. For 
large sockets the last two factors of this equation become neg- 
ligible and the response is determined almost entirely by the 
socket itself. The intersection of the curve with the d:/d; = 1 
axis is the internal time constant ft. plus the mutual time con- 
stant ti2 and is equal to the sum of the last two factors in Equa- 
tion [16]. At higher velocities the conductance between the air 
stream and the socket wall becomes greater than the internal 
conductance of the element and consequently the response is 
determined primarily by the internal time constant ¢3. 

2 Socket Material. The effect of the thermal properties 
of the socket on the response depends on the application, i.e., 
the heat-transfer rate from the medium to the socket wall. In 
any case the conductivity of the material is not important ex- 
cept where the socket wall is very heavy or where a nonmetallic 
material such as a ceramic is used. 

In media such as air at low or moderate velocity where the 
heat-transfer rate is relatively small the specific heat of 
the socket c is important as indicated by Equation [16]. As the 
heat-transfer factor increases, the socket time constant becomes 
less important and in water the response is determined primarily 
by the internal time constant. This is shown by data in Table 4. 

3 Internal Element Construction and Materials. In applica- 
tions in which a high heat-transfer rate exists between the me- 
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(Element shown in Fig. 4(e) enclosed in brass socket.) 
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E CONSTANT AS A FUNCTION OF SOCKET MATE- 
Daas RIALS USED IN SOCKETS AND ELEMENTS 


-——Time constant—— 


Air Water 
50 5300 60 
Element Socket material Cv fpm fpm fpm 
Fig. 4e with silver 18-8 prainlers 0.0348 90.5 16.5 7.5 
i i tee! 
Agere cs Brass 0.0292 76.2 14.2 6.0 
= 0.600 in. 
a = 0.563 Fy Aluminum 0.0178 55.0 12.0 Aa) 


dium and the socket wall the internal time constant is of primary 
importance. This factor is determined by the total thermal 
capacity of the internal element and the equivalent ther- 
mal conductance between the inner socket wall and the sensitive 
portion of the element. In contrast to the socket the thermal 
conductivity of the internal element is as important as specific 
heat. ‘This is especially true of the electric insulating material 
which is always required in the resistance-thermometer element 
and generally in the thermocouple. Table 5 lists the thermal 
properties of more commonly used materials one or more of which 
may form the internal element or the protecting socket. The 
conductivity and specific heat are given in consistent units for 
purposes of easy use in calculations of conductance and total 
capacity. 


TABLE 5 THERMAL PROPERTIES OF MATERIALS 


K = Thermal Cv = Specific 


Density conductivity heat 


lb per Btu-in. per Btu per 
Material Temp F in. sec-°F-in.2 °F-in.3 
Aluminum 32 0.0975 2.71 X 1073 17.7 X 1073 
212 2.75 17.8 
572 3.08 18.0 
Brass 32 0.310 1.30 
70% Cu 212 1.39 29.2 
30% Zn 572 1.46 
Copper 32 0.322 5.18 29.6 
212 5.05 30.4 
572 4.91 31.8 
Gold 212 0.698 3.91 21.8 
Monel 80-212 0.322 0.347 40.9 
Nichrome tar 
62 per cent Ni— 
15 per cent Cr 0.296 0.182 31.7 
80 per cent Ni— 

20 per cent Cr 0.303 0.181 32.4 
Silver 212 0.376 5.55 O12 
Mercury 32 0.491 0.082 16.3 
Inconel 100-212 0.307 0.200 33.4 
Nickel 32 0.313 0.833 32.8 

Pap) 0.787 36.6 
572 0.741 44.0 
Platinum 64 0.773 0.932 24.4 
212 0.970 
Steel (mild) 212 0.284 0.606 33.5 
932 0.509 34.6 
Stainless steel 
(18-8) 212 0.290 0.218 34.8 
t 572 0.254 
Mica 122 0.104 0.0058 21.4 
Glass 
Crown 70 0.0904 0.0168 14.6 
Pyrex 0.0811 i az 


The effect of changing one component material of the internal 
element shown in Fig. 4e is demonstrated by the test data in 
Table 6. 


TABLE 6 
————Time constant — sec —— 
Air 350 Air 5300 Water 60 
Element Socket fpm fpm ‘ fpm 
Fig. 4e with 18-8 Stain- 55.5 16.5 7.35 
silver springs less steel 
di = 0.563 in. 
? : dz = 0.600 in. 
Fig. 4e with In- 81 42.0 31.8 


conel springs 


The time constant using silver conducting springs is less than 
the value obtained using Inconel springs as would be predicted 
from the fact that silver has a much higher thermal conductivity. 
The proportional difference is much greater in water than in air 
since the internal time constant is the dominant factor in water. 
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More Exact TREATMENT OF THE RESPONSE OF THE SockE 
ProrecTtED ELEMENT 


The use of a single equivalent time constant obtained by sum. 
ming the individual constants of a complex thermometer is onl 
approximately correct in determining the complete response 
curve. This is particularly true if the constants h, tz, and he are 
approximately equal to one another. In the more exact analysis: 
the thermometer cannot be represented by the simple circuit 
shown in Fig. 2 in which the total capacity and total resistance 
are lumped into a single series circuit. In almost all applications 
involving the use of metallic protective sockets a reasonably good 
correlation between experimental and calculated response can be} 
obtained by assuming a two-element type of circuit such as shown if 
in Fig. 11. This equivalent thermal.circuit is based on the as-) 


Le Re 


Ry Vi 


INTERNAL, 
’ ELEMENT 


PROTECTING 
SOCKET 


SOURCE 


Fria. 11 Mor Exact Circuit or THE SocKET-PROTECTED ELEMENT | 


sumption that the actual element consists of two thermal resist- |} 
ances and two thermal capacities in series-parallel combination. | 
One resistance is formed by the thermal resistance between the 
medium and the socket wall and the other resistance is the } 
equivalent thermal resistance between the inner wall of the socket |} 
and the sensitive measuring element. Similarly one thermal |} 
capacity is that of the protecting socket and the other ther- | 
mal capacity is that of the internal element. 

The differential equation for the circuit is given by 


a? do | 
F(t) = R,C,R.C, We + (RC, + RC, + FexC2)" + 6..{17] | 

The coefficients in Equation [15] may be expressed in terms 
of the various time constants defined previously. 


d*6 dz | 
FQ) = th — +e — + | 
() hte di to dt Os wre etre [18] 


If the thermometer element is subjected to a sudden change in | 
temperature, (0,, — 60), the following response equation of tem- | 
perature as a function of time is readily derived 


9 = 4 + (O, — %) [1 — e—™ (cosh bt + P sinh bé)] ...... [19] 
I 
where a= oS | 
Qtyt, i 
2—_4tit 
oe Mita thh and f Ei eT eee 
tite V te? — 4t,te 
e 5 
The per unit lag is as follows : 
Oe te 
i = Meas =e (cosh bt + P sinh Dt) eran [20] 


Good correlation can generally be obtained by the use of these © 
equations to predict the response of the socket-protected ele- 
ment. Calculated and test response curves are compared in 
Fig. 12. It will be observed that the most serious error in using 
the simple response, Equation [2], would occur in the period of 
initial change. The socket-protected element has a zero rate of 
change of temperature during this period as compared to a maxi- 
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mum rate of change of temperature of the elementary thermom- 
eter. This initial response lag is particularly serious from the 
standpoint of control since it is desirable that the instrument 


and consequently the control senses the temperature change of 
the medium immediately. 


100; 


90 


131 


(arts — a6,) 


; sinh bt’ 


6=rt, + a — ena] 
+ (rt, — 6,) cosh w'| Bear eens Sescc [25] 


where t’ = t—t, 
3 Steady-state response for sinusoidal cycling tem- 


80 


perature conditions with the applied temperature changing 
in accordance with the following equation 


70) 


60 


FiO) =" 0) tous SUM CDE > terete epee: [26] 


50 


40 


The temperature of the internal element as a function of 
the constants of the equivalent circuit and the applied 
temperature of the medium can be calculated relatively sim- 
ply by alternating-current circuit analysis. The steady- 
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Fic. 12 ExprriMENTAL AND CALCULATED RESPONSE CURVES FOR A 


SockrtT-PRoTECTED ELEMENT 


[Curves based on a sudden change in temperature of the medium. Element 


shown by Fig. 4(e) with silver springs in round aluminum socket. 
0.600 in., ID = 0.568 in.] 


As in the case of the elementary thermometer the response 
equation for the complex thermometer can be calculated for any 
change in the temperature of the medium which may be expressed 
in analytical form. Several examples are given as follows: 


1 Medium temperature increases at a constant rate r begin- 
ning at a value of 6) deg. The function ¢ given in the general 
equation is F(t) = 0 + rt. 

Substituting this function in Equation [18] and solving for @ 
yields the temperature of the sensitive element at any time f, 
-after the application of this function. 


6°= re—% (# = *) sinh bt + t cosh | + r(t — to) + 4% 


The lag in degrees at any time ¢ is given by the following equa- 


tion 
L=r ‘i —e@ i = *) sinh bt + to cosh ult . [22] 


At steady state the response equation reduces to 


0, = rt — to) =tHOSe Asia ts ee aie tte [23] 


and the lag is determined by the total equivalent time constant 
tp, as shown by the following equation 


2 The temperature of the medium changes during the in- 
terval from t = 0 tot = t, at the rate of r deg per sec. It is con- 
stant at a value rt, thereafter. 

For the interval from t = 0 to ¢ = t, Equation [19] applies. 
When t = t,, 6 = 9, = the value obtained by substituting ¢ = 
te in Equation [21]. At this value of time the differential equa- 
tion for the response is the same as for a sudden change in tem- 
perature. The solution of this equation yields the following re- 
sponse expression for values of ¢ greater than ¢, 


el. 20 8 — AIR VELOCITY =5300 FT/MIN 
Ole TEMPERATURE CHANGE = 100 F (FROM 180 TO 80 F) 
| E 10 A + TEST CURVE o— 0 = —o- 


state solution is given by the following equation 
9m 
§= 
V (1 — whte)? + wile? 


4). . [27] 


sin {| wt — tan! 
( 1— Wixle 


If the medium is changing in accordance with some 
other function, the response can be calculated in a similar 
way. However, these response expressions for the com- 
plex thermometer become somewhat cumbersome, and, in 
general, it is satisfactory to use the simple circuit for the ele- 
mentary thermometer and the total equivalent constant. 

This is particularly true because of the relative inaccuracy of 
heat-transfer data and the difficulty in determining the exact 
values of the various thermal resistance and capacities. 


THERMALLY Massive SOCKETS AND ELEMENTS 


The simple theory based upon the heat-flow circuit shown in 
Fig. 2 and Fig. 11 has proved to be quite satisfactory for pre- 
dicting the response of thermometer elements in most ordinary 
applications. However, if the socket is quite massive or is con- 
structed of materials which have a high specific heat and a low 
thermal conductivity, the actual response may deviate con- 
siderably from the response predicted from the simple theory. 
Typical examples are extremely heavy-walled sockets for high- 
pressure applications and ceramic sockets for high-temperature 
applications. Other examples are gas or liquid expansion systems 
in which the sensitive medium is a relatively poor thermal con- 
ductor. All of these elements may be considered as being ther- 
mally massive. Exact analytical treatments to determine the 
response of these elements is difficult because the heat-flow path 
can no longer be considered as a simple circuit consisting of 
lumped constants. Approximations can of course be made by 
representing the heat-flow paths by a sufficient number of cir- 
cuit elements; but the derivation of a response equation based 
on such circuits is relatively difficult and yields complicated and 
cumbersome expressions. The use of a calculating system using 
electric-circuit analogy such as developed by Paschkis (8) is sug- 
gested as a means for determining generalized response curves. 

The effect on the response of a thermally massive unit is demon- 
strated graphically in Fig. 18, which shows the experimental 
and calculated response curves for a resistance thermometer 
element in a stainless-steel socket. It will be observed that the 
actual response curve deviates considerably from the calculated 
curve based on a single exponential and to a less extent from a 
calculated curve based on the more exact treatment, using the 
circuit in Fig. 11. The test curve shows no observable tempera- 
ture change of the sensitive element for the first several seconds, 
and this initial or transfer lag is the time required for the tempera- 
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Fig. 13 ExppriImmNTAL AND CALCULATED RESPONSE CURVES FOR A 
THERMALLY Massive ELEMENT 


ture wave to penetrate or be transmitted to the sensitive wire of 
the element. This lag might be called the initial or transfer 
lag and will increase with the thermal mass of the socket. If 
other factors remain constant, this initial dead time will be some 
function of the ratio of the specific heat of the socket material to 
the thermal conductivity and the higher this ratio the longer the 
lag. For example, an aluminum socket of the same dimensions 
as the stainless-steel: socket tested under the same conditions 
shows no appreciable initial lag. 


Discussion AND CONCLUSIONS 


On the basis of the test results and analysis presented in this 
_ paper, it may be concluded that the equivalent time constant is 
a satisfactory basis for comparing the speed of response of totally 
immersed thermometer elements. A single time constant de- 
fines quite accurately the response of the bare or elementary 
thermometer and, less accurately but generally to a good approxi- 
mation, the response of the socket-protected thermometer. There 
is believed to be no justification for the use of some other factor 
such as the time required for 90 or 99 per cent of the temperature 
change to take place, particularly since these values of time have 
no direct relation to the physical constants of the thermometer 
and because they are relatively difficult to obtain experimentally. 

The relation between the thermal constants of the thermometer 
and the heat-transfer properties of the medium to the time con- 
stants and the response characteristics of thermometers is shown 
both experimentally and analytically. The data and analysis 
show that only the bare or elementary thermometer can be com- 
pared under all conditions on the basis of a time constant ob- 
tained by a single test in a specific medium. It is not generally 
reliable to compare the socket-encased element response for all 
applications on the basis of a single test, as for example in water, 
since the equivalent time constant or over-all response is deter- 
mined by three individual time constants. It is possible and 
often the case that one element may be faster in water but slower 
in some other medium such as air. However, it is often possible 
to calculate the response of the socket-protected element for 
various conditions on thé data obtained by a single test. 

It should be emphasized that the data and equations in this 
paper apply only to symmetrical and totally immersed elements, 
in which the temperature-responsive material such as the resist- 
ance wire or the thermocouple junction is heated or cooled uni- 
formly. Furthermore, investigation is also restricted to applica- 
tions in which the heat-transfer coefficient from the medium to 
the element and the thermal properties of the elements are con- 
stant and not affected by temperature over the change. This is 
not believed to be a serious restriction, since in most cases of con- 
tinuous measurement and control, the response of the ther- 
mometer to relatively small temperature changes of the medium 
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is important. If the response of thermometers to very wide 
temperature changes, particularly at high temperature where 
the nonlinear coefficient of radiation becomes important, is de- 
sired, the data and method outlined in this paper must be modi- 
fied and amplified to obtain accurate response information. 
Unsymmetrical elements and elements which may exchange. 
heat with the outside, as for example partially immersed glass- | 
stem thermometers and socket-enclosed thermometers having | 
large stem-conduction errors, are excluded by the foregoing re-| 
strictions. Radiation elements such as thermocouple and re-| 
sistance bolometers are also outside the classification of ther-} 
mometers considered. These cannot be handled by the gener-) 
alized analysis and data presented here, but usually must be) 
treated in a more specialized and probably more complicated | 
manner. 
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Discussion. 


V. Pascnxis.* The author presents an approach to the con- 
trol problems which is to be commended not only for the treat- | 
ment itself but also because it recognizes the thermal aspect of | 
the problem. : 

From a heat-transfer viewpoint the following questions should | 
be raised, which it is hoped will be clarified in the author’s closure: 


1 In the section ‘The Thermal Time Constant as an Ele- | 
mentary Basis for Comparison,” the author states that he made — 
“most of the tests at or near ambient temperature and the total _ 
rise or fall of temperature was relatively small.’ By arranging 
his experiments in this manner he obtains values of the boundary 
conductance h, which may be considerably different from those 
obtained in actual practice. 

2 When comparing the resistance of the temperature-sensi- 
tive element with that of the boundary layer, it would be helpful 
to introduce the ratio of the two resistances (film resistance / 
internal resistance) which ratio is, in heat transfer, usually desig- 
nated by the letter m. A large number of experiments and 
ealculations can be reduced in presentation by using this dimen- 
sionless parameter. 

3 In the “Calculation of the Response Curve From to,”’ the 
author says that in the calculated values the boundary conduct- 


5 Technical Director, Heat and Mass Flow Analyzer Laboratory, 
Columbia University, New York, N. Y. Mem. ASME. 
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ance which he calls “thermal conductance between air stream 
and socket” was calculated based upon literature, namely, his 
references (3, 4, 7). In order to check the author’s procedure 
it would be desirable to indicate the actual values he used. 

4 In the section ‘Socket Material,” it is stated that the effect 
of thermal properties of the socket on the response depends upon 
the application. This again would be more easily explained by 
using the m value mentioned before. 


In the last section the author discusses the more complex cir- 
cuits required to calculate massive sockets. Without going into 
the question whether for the thinner sockets the representation of 
his Fig. 2(b) is permissible, the author agrees that for heavier 
sockets it is not. He suggests a circuit similar to Fig. 11 but it 
is questionable if it would not be necessary to represent both the 
protecting socket and the internal element by several sections. 
As the author points out, such circuits become mathematically 
unmanageable. The electric-analogy method lends itself readily 
to the solution of the more complex circuits.* 


D. G. Prinz.5 The method described in the paper employs a 
step input function. As an alternative, it is suggested to 
make use of an input function consisting in a short impulse. 
Experimentally, this would involve the transfer of the ther- 
mometer from a low-temperature medium to a high-temperature 
medium for a brief interval, and its immediate return to the 
original medium. 

The advantages gained from this modification are due to the 
fact that the response to an impulsive input is (apart from a con- 
stant factor) equal to the derivative (with respect to time) of 
the response toastep input. A point of inflection in the step-input 
response curve corresponds to a maximum in the impulse-input re- 
sponse curve, and this maximum can be located much more 
accurately. 

Considering the initial shape of the curve, i.e., the part im- 
mediately following ¢ = 0, it is seen that the response curve to 
step input makes a sharp angle with the t-axis for a single-capac- 
ity system, while for a two-capacity system this curve is rounded 
off, starting tangentially to the’ t-axis. A third time constant 
does not alter qualitatively the character of the curve. 

For an impulse input, the response curve shows an infinitely 
steep rise for a single-capacity system, and a finite rise, forming a 
sharp angle with the t-axis, for a two-capacity system; the 
presence of a third time constant can, in this case, be detected by 
the same “rounding off’? which characterizes the step response in 
the two-capacity case. Actually, a certain amount of rounding 
off will always occur due to the finite duration of the pulse, 
but this can, in principle, be reduced to any desired extent by 
Jecreasing the pulse duration. 

A quantitative method for the determination of the two time 
sonstants characterizing a two-capacity system can be based on 
the following construction: 

The response curves to unit impulse are calculated for various 
values of the ratio m = 1',/T> of the two time constants. These 
surves will show maxima A,, occuring at times t,. Altering the 
‘emperature and time scales by division with A,, and 1,,, respec- 
ively, a new set of curves is obtained in which a maximum of 


4“*A Method for Determining Unsteady-State Heat Transfer 
xy Means of an Electrical Analogy,” by V. Paschkis and H. D. 
3aker, Trans. ASME, vol. 64, 1942, p. 105. 

5 Ferranti Ltd., Instrument Department, Moston, Manchester 10, 


ongland. 
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height 1 occurs at the value 1 of the argument, independent of 
the parameter m. 

Any experimental pulse-response curve of a two-capacity sys- 
tem can now be redrawn to a scale in which its maximum co- 
incides with one of the maxima of the calculated curves. It 
will then entirely coincide with one curve of this set, and the 
value of m for this curve, together with the scale factor, deter- 
mines the time constants 7; and 7». 

The method suggested here should be useful for the study of 
other types of multicapacity systems; the experimental proce- 
dure becomes particularly simple when the input pulse can be 
produced by the rapid turning on and off of a power supply. 

It is regretted that details of the calculations (which were 
carried out in England), and a diagram of the response curves 
cannot be made available in time for this discussion; it is hoped 
to publish them at a later date. 


AuTHOoR’s CLOSURE 


The author wishes to thank both Dr. Paschkis and Dr. Prinz 
for their kind comments. Their suggestions indicate the need and 
value of additional investigation concerning the response of ther- 
mometers and other control elements. There is an ever-increasing 
need for such information in practical and useful form for engi- 
neers who are responsible for the design and application of instru- 
ments and control. 

The following comments are made in reply to the specific ques- 
tions raised by Dr. Paschkis: 

1 The test conditions were purposely restricted to obtain con- 
sistent data unaffected by factors such as the change of the 
boundary conductance h with temperature. 

2 The use of dimensionless parameters m defined by Dr. 
Paschkis as the ratio of the socket film resistance to the internal 
resistance may have simplified and also made more general some 
of the data and curves presented in the paper. Better still the 
ratio of the two time constants involving both thermal capacity 


- as well as resistance might have been employed to advantage. 


It is interesting to note that if this ratio is either much larger or 
much smaller than unity, the-response reduces to the simple ex- 
ponential function. 

3 Most of the heat-transfer data for air to the sensitive-ele- 
ment protecting sockets was obtained from curves given in ref- 
erence (7). Itis felt that the presentation of detailed calculations 
of heat-transfer data was beyond the scope of this paper. 

4 The author did not intend to imply that the circuit shown 
by Fig. 11 is a mathematically complete representation for heavy- 
wall sockets. However, the analysis was limited to this circuit 
and the simpler one shown by Fig. 2 because the more complex 
representation becomes, in the words of Dr. Paschkis, “unmanage- 
able” and yields response equations of little practical value to the 
engineer. 

It is indicated by the discussion of Dr. Prinz that the impulse 
method for obtaining response may have certain advantages in 
some instances over the step input method used by the author. 
This appears to be particularly the case if it is desired to obtain 
the separate time constants of a multicapacity system. The 
method whereby the impulse-response data is obtained and the 
manner in which the curves are plotted is not made entirely clear 
by this discussion. One serious objection to this method as 
compared with the method used in the paper might be the diffi- 
culty in obtaining experimental data. 

It is hoped that the details of Dr. Prinz’s method will be pub- 
lished soon. It should be a valuable contribution to this field. 


Designing for High-Frequency 


High-frequency induction-hardening methods are being 
incorporated in the production of industrial parts to a 
greater extent than ever before. The design requirements 
i fairly rigid if the best results are to be obtained. These 
design principles are given specific treatment by the au- 
thor. Special fixtures and machines for a variety of ap- 
plications of the process have been developed and these 
are described at some length. The discussion includes 
metallurgical aspects of the induction-hardening process. 


problem of adapting the technique of high-frequency 

induction hardening to the part being manufactured. 
Now, however, the induction-heating process has progressed to 
the point where the design engineer is requested to design the 
part so that induction-heating methods can be used to meet the 
hardening requirements. 


BE) erctiem of the production engineer was assigned the 


‘heating applications are going unanswered because there are 
i'too few engineers trained for this type of work. Also, because 
of the accelerated pace during the war, application and designing 
‘engineers, since, have had little opportunity to study, reorganize, 
and assimilate the technical advances made. 

_ Then, too, the engineer seems reluctant to adopt induction- 
heating for hardening because some latent fear exists of using a 
‘tool so startling in its application, and misapprehension of the 
‘requirements for its operation. It can be said that the combined 
‘subjects of metallurgy, and electrical and heat-transmission 
engineering do present a formidable obstacle to the new user of 
induction-heating machines. 

The field is unique indeed. The metallurgist finds that he 
can no longer ignore such terms as kilocycles, kilowatts per 
square inch, kilovolt amperes, and power. As in the case of the 
metallurgist, the mechanical and the electrical engineer must 
become familiar with such terms as microstructure, austenite, 
martensite, and hardness depth. 

Applications for high frequency induction-heating are in- 
creasing rapidly and already have been widely used in such fields 
as hardening crankshafts, camshafts, gears, piston pins, wearing 
surfaces of many kinds, guide rails, knife-edges, and many others. 
Examples of parts which have been induction-hardened are 
shown in Figs. 1 and 2. The designing engineer assigned to the 
job can be qualified if he is familiar with the fundamental heating 
requirements, metallurgical fundamentals, and types of fixtures 
now in use. 


DEFINITION OF INDUCTION HEATING 


Simply stated, induction heating is ‘the heating of a nominally 


1 Commercial Engineer, Tocco Division, Ohio Crankshaft Com- 


any. 
> Cohtributed by the Machine Design Division and presented at the 
Semi-Annual Meeting, Milwaukee, Wis., May 30-June 5, 1948, of 
Tur American Socrpty or MecHanicaL ENGINEERS. 

‘Nores: A companion paper, ‘‘Design and Manufacture for Profit,’’ 
by H. B. Osborn, Jr., was presented at the same session and published 
in Mechanical Engineering, vol. 70, 1948, pp. 805-810. 

Statements and opinions advanced in papers are to be understood 
as individual expressions of their authors and not those of the Society. 
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* Many design problems found in high-frequency induction- - 


Induction Hardening 


By J. T. TEMIN,! CLEVELAND, OHIO 


conducting material due to its own J?R losses when the material 
is placed in an electromagnetic field.” Thus if a steel rod is 
inserted in an inductor coil, Fig. 3, which carries an alternating 
current, the varying magnetic field caused by the ampere turns 
of the coil, couples the steel rod and induces a voltage which 
in turn causes a circulating current, the same as it would induce 
a current in a closed loop of copper wire. Once the bar is posi- 
tioned properly in the inductor, the depth to which the heat 
penetrates into the rod is a function of the physical characteristics 
of the steel, that is, the metallurgy of the steel, the frequency 
of the current, and the power used. 


PHYSICAL CHARACTERISTICS AND METALLURGICAL CONSIDERA- 
TIONS ‘ 


Fundamentally, to obtain an acceptable hardness in a magnetic 
steel bar, the material must be heated to a temperature above 
its upper critical point and quenched within a limited time, in 
order to convert the austenitic solution into a final structure 
known as martensite. Since martensite is considered the hardest 
component of steel, it becomes most desirable as the end result. 

Thus if we were to assume that an annealed steel rod were 
to be made from SAE 1045 specification, that is, a steel con- 
taining approximately 0.45-0.48 per cent carbon, we would note 
from the iron-carbon equilibrium diagram that the temperature 
of the steel must be raised to 1450 F in order to obtain complete 
austenitic solution. Of course increasing the, carbon content of 
the steel, or adding alloying elements varies the critical tem- 
perature at which austenite forms. From the time-temperature 
transformation curve, commonly known as the S-curve, we would 
note that the steel must be quenched from the austenitic state 
within a definite time and at a certain minimum rate, in order to 
make the conversion to martensite possible. The reasons for 
martensite forming are still a matter of discussion among metal- 
lurgists and are not of concern in this paper, except for the fact 
that the hardened area to be metallurgically correct must consist 
of a martensitic structure. 


Derptu or HARDNESS 


Subsequent discussion may be simplified by reviewing briefly 
the general understanding of hardness as shown in Fig. 4. When 
a bar is heated inductively, the surface tends to reach the critical 
temperature first and, if the heating cycle is short, as in the case 
of hardening, the temperature in each succeeding layer drops 
rapidly to the point where the core may still be at room tempera- 
ture. Fig. 4 shows a cross section of a steel rod made from SAE 
1045 material which has been hardened inductively, using 10,000- 
cycle frequency and quenched with water. Owing to the varia- 
tion in temperature, there exists a demarcation zone below which 
there has been no change in previous microstructure. The depth 
measured from the surface to the demarcation zone, indicated 
by the letter Z, is known as the heated depth. If the hardness of 
the heated depth were checked with a Rockwell tester, the reading 
would indicate maximum hardness at the surface and a very low 
hardness at the demarcation zone. The hardness reading takes 
a decided drop after the demarcation zone and records the original 
hardness of the unchanged core. 

‘ In this paper, the hardened depth, commonly referred to in 
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Fic. 3 Street Bar Inserrep in a Muttitrurn InpucTror Cornu 
LocaTeD ON A HiGcH-FREQUENCY INDUCTION-HErATING MAcHINE 


ROCK. ''C’ 
50 


UNCHANGED CORE 


MATERIAL-S.A.E 1045 


HEATED DEPTH: MINIMUM DEPTH 
BELOW THE SURFACE WHERE THERE 
HAS BEEN NO CHANGE IN PRIOR 

MICROSTRUCTURE. 


HARDENED DEPTH: BASED ON ROCKWELL 
TESTER AND CONSIDERED TO BE THE 
DEPTH BELOW THE SURFACE WHERE THE 
HARDNESS HAS DECREASED TO 50 ROCK." 


HARDENED DEPTH: ZONE WHERE THERE HAS 
BEEN ACCOMPLISHED APPR. 100% TRANSFORMATION 
OF THE HOMOGENOUS AUSTENITE TO MARTENSITE 


x 


Fie. 4 Grapation or Harpness 1n InpuctTion-HEaTep SAE 1045 
Sree, Bar 


(Diameter i in,; frequency 10,000 cycles.) 


induction heating, is considered to be the depth below the surface 
where the hardness, as indicated by the Rockwell tester, has 
decreased to 50 RC or approximately 50 per cent martensite, 
and is indicated by the letter Y. Owing to the gradation of the 
temperature, complete solution was not obtained in the areas 
which did not reach the critical temperature. Consequently, 
on cooling, in place of approximately 100 per cent martensite, 
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there appears a mixture of softer constituents. Although this is 
not completely correct metallurgically, for all practical purposes 
metallurgists consider this structure acceptable. 

The hardened depth indicated by the letter X is known as the 
metallurgically correct structure for maximum hardness, and the 
structure is approximately 100 per cent martensite. Because 
of its high hardness and resistance to wear, martensitic structure 
is desired in applications where the surface is subjected to con- 
tinuous wear, such as, bearing surfaces, guiding surfaces, cam 
surfaces, piston pins, knife-edges, raceways, and ever so many 
other applications. 


ImMPoRTANCE OF TIME IN INDUCTION HARDENING 


A point worth noting is that the transformation into the aus- 
tenitic solution does not take place immediately but is a function 
of time as well as of the previous structure of the steel. In gen- 
eral, the previous structures of most steels can be grouped into 
four classifications, namely, annealed, spheroidized, normalized, 
and quenched and drawn, or heat-treated. The annealed state, 
containing a mixture of pearlite and ferrite, takes the longest 
time to go into austenitic solution, and the heat-treated state, 
consisting of fine sorbitie structure, takes the shortest time. 
In fact, when heating the annealed or spheroidized specimens, it 
is often necessary to increase the temperature and time to obtain 
the solid solution. 

Since the time required for induction hardening is short, the 
conversion into the austenitic solution must be quite rapid. 
For example, Fig. 5 shows crankshafts with pin-throw areas of 
various diameters. The diameters vary from 3/, in. to 23/g in. 
and the heating time varies from 1!/2 sec to 51/2 sec. Thus in 
part (a), an acceptable hardness was obtained by heating the 
bearing surfaces to the austenitic temperature in 11/, sec and 
quenching. This is quite’a contrast with previous methods of 
heating where time was measured in terms of minutes, hours, 
and days. 


0.D.= 0.75" 


KW= 40 
TIME = 1.5 SEC. 
0.0.=.937 
WD.=.567 
KW= 30 
(b) TIME = 3 SEC. . 
3 0.D.= 2-3/8 
WD.= 1-7/8 
=130 
(c) TIME = 5.5 SEC. 


Fie. 5 Intusrratine RELAtTIve SHORT Heatina TIME IN HARDEN- 
Inc BraRING SURFACES ON VARIOUS CRANKSHAFTS 


If two specimens of different heat-treatment were to be heated 
and quenched for the same period of time, we would find a dif- 
ference in the hardened depth. Thus by way of illustration, Fig. 
6 shows two steel bars; one is annealed and the other has been 
previously heat-treated. If the two specimens are separately 
heated, but under the same hardening conditions of power density 
and heating time, the heated depth will be the same, but the 
hardness depth of the quenched and drawn part, due to the rapid 
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conversion into the solid solution, is greater than in the an- 


nealed specimen. 
What is more important to the user, however, is the now 


apparent fact that since there is a rapid transition into the aus- 


QUENCHED AND DRAWN 
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heating time, sec.) \ 
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Fie. 7 I tiustratinc RELATIONSHIP of Minimum Heratine TIME 
BETWEEN ANNEALED AND QUENCH-DRAWN SPECIMENS IN OBTAINING 
EHaquaL DeprH HarpNess 


(SAE 1045 steel rod; diameter 13/s in.; 10,000-cycle frequency; power used 
approximately 15 kw per sq in.) 


tenitic state with a resulting increase in hardening depth, the 
heating time can be decreased and the quenched and drawn 
specimen quenched faster to obtain a shallower hardness depth 
than is possible with any of the other three types of steels 
previously structured. This point is illustrated in Fig. 7 which 
again shows two specimens, one annealed, and one quenched 
and drawn. In order that the end results may be comparable, 
it is assumed that hardness depth in each case is 0.010-0.015 in. 
below the surface, and that depth is composed of approximately 
100 per cent martensite. The two specimens are then heated 
under identical conditions and power density and, as indicated 
in the sketch, the quenched and drawn specimens require a 
minimum time of 0.97 sec and the annealed specimens require 
a minimum time of 1.5 sec or almost twice the time of heating. 


Power AND Harprenrep Drpra 


Of equal importance to the design engineer is his understanding 
of the effect on hardened depth due to increasing the energy 
input to the work part. Generally speaking, increasing the en- 
ergy increases the hardness depth. Thus, illustrated in Fig. 8, 
are three specimens of an SAH 1045 annealed-steel rod showing 
the hardness depth with various energy inputs. The hardness 
depth, denoted by the letter Y, increased from 0.096 in. to 0.132 
in. to 0.132 in. as the energy input increased from 22.5 kw-sec 
per sq in. to 39 kw-sec per sqin. In order that the data presented 
have practical significance, the tests performed were on the basis 
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of the surface containing an acceptable metallurgical structure | 
consisting of complete martensite for a depth of 0.010 in. to} 
0.015 in., denoted by the letter X. 

However, to complete the general picture, it is necessary to | 
analyze the results and the conditions under which the tests 
were performed. Thus, for example, the first specimen in Fig. 8 | 
shows that 0.096 in. hardened depth was obtained with 22.5 | 
kw-sec per sq in. applied energy; that is, the specimen was heated | 
using a power density of 15 kw per sq in. and a heating-time 
cycle of 1.5 sec. If the heating cycle were increased to 2.6 sec | 
to produce a total energy input of 39 kw-sec per sq in., an energy | 
input similar to the third specimen, the possibilities are that the | 
depth hardness of 0.132 in. would not be obtained, nor would the | 
martensitic depth be the same. In fact, increasing the time | 
may result in the surface overheating, causing grain growth, and | 
resulting in a decrease in surface hardness. 

The same method of analysis can be used for the third speci- | 
men, where hardness depth is given as 0.132 in., when the energy | 
input was 39 kw-sec per sq in. Thus the power density was | 
5 kw per sq in., and the heating time 7.8 sec. If the heating | 
time were to be decreased to 4.7 sec to produce a total energy of | 
22.5 kw-sec per sq in. similar to the first specimen, in all likelihood | 
the depth hardness of 0.096 in. would not be obtained. In fact, | 
laboratory tests show that the time would be insufficient for the 
previous microstructure to go into solution. As a result of this 
underheating, no martensite would be obtained, the resulting 
hardness would be very low, and the metallurgical structure 
might be unacceptable. 


. 
FREQUENCY CONSIDERATIONS 


The effect of frequency on hardness depth is an equally im- 
portant factor to be considered. Due to the phenomena of skin 
effect, the induced current tends to hug the surface. The higher 
the frequency, the greater the tendency for the current to hug 
the surface, the less depth heated, and the shallower the depth 
hardness. : 

When reference is made to hardness depth, as a result of the 
higher-frequency currents, it is necessary to consider the added 
effects due to the heat transmission in the steel specimen; for 
although electronic frequencies may produce an almost instant 
critical temperature on the surface, the heat will tend to be con- 
ducted toward the center of the bar at a rate which is a function 
of the characteristics of the steel. If the part is not quenched 
within an extremely short time, instead of obtaining a surface 
hardness with the electronic frequency, the net result would 
be a hardness depth equivalent to using the lower frequencies. 


DIA. OF STEEL ROD (INCHES) 


OF05 al ee) 4 as) 6 Tf 
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Fia.9 TrANsiInntT THERMAL Time Versus Bar DIAMETER 


Fig. 9 shows a theoretical curve which illustrates quite clearly 


|the importance of conduction in a steel bar that is being induction- 
jhardened. ‘The curve is plotted to show the transient thermal 


time versus diameter of the steel bar when the surface of the bar 
is assumed to be, and maintained, at 1650 F. The transient 
hermal time indicates the time interval for the heat to be con- 
‘ducted from the surface of the bar to the center. For example, 
‘if we were to inductively heat a steel bar !/2 in. diam, and the 
‘temperature of the surface of the bar were to be raised in almost 
zero time to 1650 F, in approximately 0.8 sec, the temperature 
‘of the center of the bar will also be raised to 1650 F. Conse- 
quently, if it is desired to obtain a surface hardness that is metal- 
lurgically correct, the bar must be quenched in less than 0.8 
sec. However, we have seen that a lapse of time is necessary 
for the previous structure to be converted into the solid-solution 
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phase; hence if solid solution is not obtained in 0.8 sec, through- 
hardness will be obtained in quenching. Again, if solution does 
take place in less than 0.8 sec, then split-second quenching will 


be required with precision mechanical setup so that no delay 
exists. 


TYPES OF HARDENING PROCESSES 


A helpful guide for designing parts with surfaces to be in- 
duction hardened is to become familiar with the various types of 
inductors already available, and the methods in which they are 
employed. Fig. 10 shows a few of many types of inductors, 
each designed for a particular heating application. Parts that 
are to be designed for induction-hardening may fall into any one, 
or all, of the four general induction-heating classifications: 


1 Stationary heating method. 
2 Progessive heating method. 
3 Continuous heating method. 
4 Oscillatory heating method. 


Often the type of heating process used is governed by the 
production requirements as well as by the metallurgical limita- 
tions. Whichever process is used, the inherent advantages of 
induction-hardening should not be misused. Fixtures must be 
designed for precise control of the heating and quenching cycle. 
The operation must be dependable to insure proper location at all 
times, and the loading and unloading time must be at a minimum. 
As previously pointed out, the quenching requirements are some- 
times a split-second operation and a delay either way, quenching 
too soon or too late, may result in a metallurgically incorrect 
specimen. 


Fic. 10 Inpucror Biocks anp INDUCTOR Corts Usrep In HicH-FREQUENCY InpucTiON-HeaTING APPLICATIONS 
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DrsIGNING Parts FOR STATIONARY HARDENING 


Stationary heating for hardening is the most common form of 
heating, and parts must be designed with finished locating areas 
to permit exact positioning. If various parts, similar in dimen- 
sions, are to be hardened, considerable savings in tooling cost 
can be realized by designing standard locating areas. Stationary 
positioning is adapted to heating short length, eccentric, and 
miscellaneous contours. Fig. 11 shows a simple post-type fixture 
designed to locate a spherical head stud accurately in an inductor 
block. The inductor is machined for cooling and quenching, and 
for obtaining a surface hardness over the spherical surface. 


Fic. 11 Post-Typr Fixture anp InpuctorR BLock DESIGNED FOR 
HARDENING SPHERICAL SURFACES OF BALL Stups 


The heating and quenching cycle is controlled accurately by 
timers on the induction-heating machine, and the purpose of the 
fixture is merely to provide proper positioning during the very 
short heating cycle. The ball stud is located manually in the 
fixture by the operator and can be loaded from the top by in- 
serting the part through the block and positioning the threaded 
end in the locators of the fixture. After the heating and quench- 
ing cycle the operator merely forces the plunger up, a process 
which raises the stud and locator and permits the operator to 
remove the stud and replace it with a green part. 

To avoid the “fishtail” effect occurring at the split section of 
the inductor block, the part to be hardened should be rotated 
during the heating operation. Consequently, if at all possible, 
the parts should be designed symmetrically to permit rotation in 
the inductor. If the metallurgical requirements are critical, 
and the fishtail effect must be avoided, the ball stud may be 
rotated simply by mounting the plunger in a bearing and twisting 
the knob of the plunger during the heating eycle. 

There are various post-type fixtures which can be adapted for 
stationary heating. If the production requirements are small, 
limiting the amount of funds that can be allocated for tooling, 
then post-type fixtures similar to Figs. 12 and 13 can be used to 
advantage. 

Stationary positioning is of course not limited to the fixtures 
of the post type. There are many stationary fixtures whose 
designs are limited only by the ingenuity of the designer. Where 
the parts are long, yet require selective hardening, V-fixtures 
can be used to advantage. For example, Fig. 14 shows a simple 
V-type fixture which supports a two-throw crankshaft during the 
heating and hardening of one of the pin areas. The shaft ex- 
tensions on either side of the eccentrics are long enough so that 
there is positive location on the V-supports. The second throw 
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heating off. Now made of SAE 1045; piesa ia machined, and then hard- 
ened. 


area is used for the locating surface in order to position the area 
to be heated in the inductor. Any slight variation in position 
may cause the hardened contour to shift, and, in addition, a loss 
of power will exist by the heat being dissipated into the cheeks. 
Consequently, parts should be designed for finished surfaces at 
the time of induction hardening, so that areas to be heated can 
be located accurately. 

If the design calls for a massive part to be located, the V- 
supports can be positioned on dollies similar to Fig. 15. The 
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entire dolly assembly is then rolled into position, locating the 
area to be heated in the inductor. Large crankshafts with many 
crankpins, such as those used on automobiles, Diesel engines, 
and for ship propulsion, can be processed on tunnel-line induction- 
heating assemblies as shown in this illustration. The crank- 
shafts are positioned on V’s assembled on dollies and are rolled 
on their tracks from one station to the next, processing one throw 
area at a time. 

Holes, slots, narrow widths, and sharp edges are to be avoided 
when designing an area to be hardened inductively. Since a very 
high current circulates around the area, an obstruction may cause 
a very high current density at a particular point and result in 
that area overheating. Thus, for example, the oil holes in the 
crankshaft, shown in Fig. 15, present a critical area, but cannot 
be avoided since the oil holes must be drilled in the area before 
hardening. In order to prevent the areas surrounding the holes 


from overheating and cracking, the holes are plugged with copper 
tubing or steel inserts, and sometimes wooden plugs. 


Fig. 14 V-Type Fixture anp Spuit-InpuctorR ASSEMBLY FOR 


Harpeninc THRow AREA ON CRANKSHAFT 
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Parts designed for induction-hardening, ‘using stationary 
heating methods, offer the following advantages among others: 


1 Inductors can be contoured to eccentric and nonsymmet- 
rical surfaces. 

2 Inexpensive fixtures can be used. 

3 Fixtures can be designed readily to locate and position parts. 


4 Quench nozzles and quench chambers are located more 
readily. 


Locating cannot be too strongly stressed, not only for stationary 
setups, but for all types of heating methods. Parts should be 
so designed as to permit stops and positioning devices on fixtures 
to locate from finished dimensions at the time of hardening. 
The air gap between the surface to be heated and the inductor 
should remain constant during the heating cycle. When a 
magnetic material is heated inductively, there is a magnetic 
force exerted on the part until the temperature of the part has 
reached and passed the Curie point and the part has ceased to be 
magnetic. Also to be considered, a fact often overlooked, is the 
continued existence of electromotive force above the Curie point. 
Consequently, the part should be designed to permit the locating 
section to be gripped firmly by the fixture. A slight movement 
of the part may cause one side of the part to overheat and the 
opposite side to underheat, resulting in a nonuniform hardness 
and a varying hardened pattern. 


PROGRESSIVE HARDENING 


Cylindrical bars, rods, splines, pins, and shafts of various 
diameters and lengths are well adapted to induction-hardening, 
using the progressive heating method. A practical rule to follow 
is that if the length exceeds 21/, in., it is desirable to harden the 
section progressively. For example, if a shaft 2 in. diam and 
21/. in. long were to be surface-hardened, using a stationary 
fixture, the area to be heated would be approximately 15.7 sq 
in. Assuming that a heating factor of 10 kw per sq in. is re- 
quired to obtain a satisfactory hardness contour and hardened 
depth, a machine rated for approximately 150 kw would be 
required. 


é ’ be ING S&S 
¥F1c.15 V-anp Dotiy Supports Usep For LocaTIne CRANKSHAFTS IN TUNNEL-LINE InpucTION-HARDENING SETUP 
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If, however, we resort to progressive hardening, an inductor 
block can be machined for cooling and quenching, and designed 
to scan the entire area. Thus if the block were to be 1/2 in. wide, 
the total area heated at any one time would be approximately 
3 sq in. Assuming the same heating factor of 10 kw per sq in. 
to apply, a 30-kw machine would be sufficient. 

Fig. 16 illustrates a special progressive type of fixture capable 
of processing shafts up to 36in. long. The shaft is held stationary 
between the centers, and the inductor block scans the surface, 
heating and quenching the shaft as the block progresses up the 
shaft. Vertical fixtures of similar type can be designed to proc- 
ess bars as long as 7 and 8 ft. In most applications where the 
part must be supported, center holes should be machined in the 
ends so that simple center locators can be used. 

A progressive-type fixture recently designed varies from the 
foregoing in that the inductor is fixed, and the part to be hardened 
is passed through the inductor. A fixture incorporating this 
type of design is shown in Fig. 17. and is known as the ‘‘Tocco- 


Fic. 16 ProcGresstve VERTICAL Fixture Wits Movase Inpuctor 
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trol” fixture. Of particular interest is the electronic contre 
device, Fig. 18, incorporated with the fixture and controllin 
the entire heating and quenching cycle. With added control 
it is possible to regulate the speed of the shaft through th 
inductor as well as to regulate rotation of the shaft, and, at th 
same time, to limit the time the power is on and off. The can 
arrangements and limit switches on the control rack can be prese 
for several heating and hardening sequences during a singl 
down-travel of the carriage. Once the cycle has been set, al 
functions are automatic, and the only requirements of the opera 
tor are to locate the shaft between the centers on the carriagt 
and to press the starting button. 

This type of fixture can be used for stationary and selective 


Fic. 18 Oprn Pane, View oF ELEcTRONIC CONTROLS FOR “Tocco- 
TROL’ PROGRESSIVE FIxTURE 
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lardening as well as for progressive hardening. Its unusual 
versatility and flexibility make this fixture adaptable for a wide 
variety of induction-heating applications. 

In designing parts to be hardened by induction-heating and 
ising the progressive-type fixtures, care must be exercised that 
10 protruding area interferes with the inductor as the part passes 
hrough the block, or as the block scans the part. Should such 
»bstructions occur in the design, the inductor must be increased 
n diameter for clearance and consequently cause a loosely 
oupled circuit, resulting in an inefficient process. An alternate 
step would be to use a split-type inductor, as shown in Fig. 14. 
in Many cases, however, production requirements may not permit 
the loss of time in opening and clamping the inductor. Metal- 
urgical requirements also may call for a hardened surface up to 
he shoulder of the protruding area, but because of this pro- 
rusion the quench water will not pass over the heated area and 
sonsequently the result will be a nonhardened surface. 

Although the technique has been developed satisfactorily to 
narden irregular surfaces, such as slots, threads, splines, grooves, 
and the like, using induction-heating methods, caution should be 
exercised in the design which combines such areas with straight 
surface hardening. Unless inductors are specifically designed 
to harden irregular surfaces, for example, a slot or a splined area, 
difficulties may be encountered not only from the overheating as 
previously mentioned, but also from the erratic splashing caused 
by the quenching water on the irregular surface. 

One of the outstanding features of induction-hardening is the 
tendency to minimize distortion, especially where a long bar is to 
be surface-hardened. Tests on many parts indicate that dis- 
tortion can be minimized further by rotating the part during the 
heating and quenching operation. If, however, the surface to 
pe hardened contains an obstruction or irregular surface, as 
mentioned, rotation may have to be eliminated because of the 
uncontrolled. splashing. 


Continuous HARDENING 


Invariably the costs of the tooling required to harden a part 
continuously is greater than the tooling costs for induction- 
heating methods using stationary or progressive fixtures; but in 


Fig.19 Hopprr-F prep MrecuanisM USED IN InpDUCTION-HARDENING 
APPLICATION 
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many cases this cost is justified by the increased production and 
minimum labor requirements. Continuous fixtures include, 
among others, conveyers, rotating tables, pushers, and indexing 
and cam control mechanisms. If parts can be designed for 
hopper feeding and chute spills, Fig. 19, manual loading can be 
eliminated, making the entire process completely automatic. 
Whatever method is used, the designer must exercise caution 
so that the partecan be positioned properly and located during 
heating. Tooling is often the greatest burden in a manufacturing 
process; consequently, in designing a part, consideration should 
be given to the fact that continuous loading and unloading will 
cause locators to wear. Locating areas should provide sufficient 
length and clearance, so that spring or tension devices used on 
fixtures can be insulated from any heat which possibly may des- 
troy its elasticity. At all times it must be kept in mind that 
induction-heating is a direct result of the magnetic lines of force 
or flux produced by the inductor, and that any metal passing 
through the magnetic field, be it the part to be processed, or be 
it the fixture, will be heated. Although the fixture may be de- 
signed to resist high temperature, close coupling of metallic parts 
of the fixture to the inductor may absorb power, and as a result 
destroy the heating cycle and cause the part to be underheated. 
Fig. 20 shows a continuous-hardening fixture of the rotating- 


Fic. 20 Roratrinc-TaBLe Fixture ror Harprentnc Baty Srups 
CONTINUOUSLY 


table type. The application consists of hardening the ball end of 
the stud. The stud end is sufficiently long in this case for the 
locator to be designed well below the magnetic field of the coil 
and still locate the ball head in the induction coil. With a 
shortened stud extension, the table locators would have to be 
raised in order for the ball end to enter into the channel inductor. 
Consequently the locators would have to be made of non- 
magnetic material, such as stainless steel, brass, or ceramic 
material. 

Fig. 21 illustrates a continuous roll-type fixture which is used 
for hardening and annealing round bar stock. The minimum 
length which can be processed with this type of fixture is 4%/, in. 
The cross section of the bar stock may vary from the round to 
rectangular, or polygonal cross section, and the same fixture can 
be used, except for a change in roller design. 

The following example illustrates to the design engineer how 
the hardness requirements can be met through the practical 
applications of metallurgical fundamentals and simple fixture 
design, when the design of the part to be hardened is fixed: 
Shown in Fig. 22 is a unique rotating cam fixture mounted on a 
450,000-cycle high-frequency induction-heating machine, used 
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Fic. 21 Roiier-Typr Continuous Frxture Usep ror HARDENING 
Bar Srock 


Fig. 22 GrneRATED Cam-Frep Fixture Usep ror HarprEninc 
Cuain-Link Pins 


for hardening small link pins for chain conveyers. Thousands 
of link pins per day were required, and the metallurgical speci- 
fications were exacting, necessitating precise control over the 
heating cycle. 

The pins were approximately 1 in. long and 3/16in. diam, made 
of heat-treated SAE 4065 steel. Specifications required maxi- 
mum surface hardness of good metallurgical structure over the 
center body, and approximately 1/; in. at each end was to remain 
soft. The soft ends were necessary for a riveting operation 
during the assembly of the chains. 

The pins were fed through a funnel opening and passed down 
through a long tube into an inductor block machined for cooling 
and quenching. The pins rode on the periphery of a generated 
cam and consequently progressed downward at a constant rate 
as the radii of the cam gradually decreased. As the full length 
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of the pin emerged, the pin was flicked out by the cam notel 
and the following pin automatically rode on the maximu 
outside diameter of the cam. The production rate was governed 
by the revolution and the number of notches in the cam. “a 
Obviously, with the heating cycle set for continuous operation 
the entire Jength of the pin would be hardened unless the power 
was cut off as the ends of each pin entered and left the inductor; 
This would be undesirable in view of the mechanical difficulties 
to maintain breakers and relays which must operate more tha: 
4 times every second to maintain a production approaching 
15,000 pinsperhr. , | 
The problem was solved by taking advantage of the fact tha i 
time and temperature are required for the previous microstruc- 
ture of the pin to go into the austenitic solution, in order that om 
quenching, the hard martensitic structure can be obtained. The 
generated cam was redesigned so that the periphery decreased 
at a greater rate at the end of the heating cycle, thus causing a 
increase in vertical speed of the pin at the precise instant 
the ends of the pins passed through the inductor. Since the 
power cycle was set for one speed, any increase in speed would! 
cause the pin at that particular time to be underheated. Con- 
sequently, on quenching, the previous microstructure of the 
pin would not convert to a hardened structure. 


Parts DESIGNED FOR OscILLATORY HEATING FOR HARDENIN 


Parts designed with flat surfaces and valleys to be hardened] 
may require an oscillating heating method since it may not b 
possible to obtain a uniform temperature over a wide surface b 
the methods described. Wall-thickness variations, drilled holes, 
grooves, and the like may cause areas to overheat while adjacent, 
areas have not reached the critica] temperature; consequently, 
an inductor is passed over the surface of the part at a predeter 
mined frequency until the heat has soaked into the part lon 
enough to result in a uniformly heated surface. Oscillating heat- 
ing is not usually recommended because of the experimental 
work required to obtain an acceptable heating cycle. In addi- 
tion, considerable setup time is necessary with automatic equip- 
ment, and relatively long heating cycles. | 


CONCLUSION 


In view of the accelerated production requirements, high- 
frequency induction-hardening methods are being incorporated 
more and more in the design specifications. Considerable 
progress already has been made in the development of fixtures 
and machines for a variety of applications. A review of the 
technique involved can serve as an excellent background for the 
designing engineer. | 

In summarizing, it has been pointed out that factors such as 
production requirements, metallurgical limitations, and fixture 
designs exert their influence on the final part to be hardened: 


ACKNOWLEDGMENT 


The author wishes to extend his appreciation for the material 
assistance given by J. T. Vaughan and J. B. Wadhams of OCCOG 
Research and Development Section. 


Discussion 


A. 8S. Hamiuron, Jr.2 This discussion is from the point of view 
of the user of the equipment described, and without too specific 
knowledge of the fine points of heat-treating. 

The frequencies used for this process are mentioned only twice, 
and, with the large difference between 10,000 cycles and 450,000 
cycles, one is led to wonder about the significance of the fre- 
quency and why such variations exist. 


* Consulting Engineer, Rochester, N. Y. Mem. ASME. 
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| In mentioning the construction of the locators or work-holding 
devices, the author states that nonmagnetic materials, such as 
‘Stainless steel, brass, or ceramic materials may be used. During 
| the war the writer was familiar, in detail, with two types of high- 
frequency heating units, one of which (a Tocco machine) was 
used continuously for soft-soldering of two parts of a brass dia- 
‘phragm assembly, and the other of which was used for general 
heat-treating, as well as for silver-soldering two brass pieces. Al- 
though it may be possible to use metallic nonmagnetic work 
holders at some frequencies, it has been the writer’s experience 
that ceramic, bakelite, formica, or asbestos board had to be used 
for locators or work-holding fixtures. 

: With these exceptions, the paper presents in simplified form the 
type of work which can be handled by high-frequency induction- 
hardening in a manner that can be understood readily by one 
i" too well versed in the subject. 


| D.C. K. Mircuety.? In the hardening of steel by the usual 
| furnace practice, a quenching temperature of approximately 
: 1450 F is normally contemplated, depending upon the analysis of 
the material. With induction surface-hardening, it is not unusual 
‘to employ temperatures around 1600 F, and, in some cases even 
higher, which is often surprising to persons familiar with the older 
furnace practice. 

Normally, we associate higher temperatures with increased 
grain growth from our experience with furnace practice. How- 
re we should bear in mind that grain growth is a function of 
temperature and time, and therefore where the surface to be 
hardened is brought up to temperature in the very short period of 
time usually attendant upon the induction-heating process, grain 
growth does not have time to take place. 

Experience has shown that with a given analysis of steel, two 
‘similar parts, the one hardened by conventional furnace methods 
and the other surface-hardened by induction, a finer grain struc- 
ture may often be expected in the induction-hardened sample, 
even though the surface temperature at the time of quenching 
may have been 150 to 200 F higher than that used for the fur- 


nace-hardened sample. 


J. B. Wapuams.‘ Clarification is submitted of the depth to 
which heat penetrates under the heading “Definition of Induction 
Heating.” 

Once the bar is properly positioned in the inductor, the depth 
to which the heat penetrates into the bar is a function of the 
physical properties of the bar, such as its size, shape, molecular 
density, specific heat, resistivity, permeability, thermal and 
electrical conductivity, and previous metallurgical structure, as 
well as the frequency of the currents induced therein, the power 
absorbed, and the time consumed. 

Further clarification of the interpretation of Fig. 9 seems in 
order: 

For example, when bars to be surface-hardened by induction 
are of the order of !/2 in. OD or less, one might draw the con- 
elusion that the use of higher-frequency energy should suffice to 
produce light case depths. This is not always the case because of 
the limiting heat-conduction factors which occur when the bar 
or load size is small. 

Fig. 9 of the paper is a calculated plot of bar diameter in inches 
for a medium-carbon steel versus time of application of tempera- 
ture to that bar. The curve drawn is the product of a loga- 
rithmic and Bessel function. Its derivation springs entirely from 
physical and thermal considerations. This characteristic is ob- 
tained by assuming that the outer surface of a given bar size was 


3 Induction Heating Specialist, Rudel Machinery Company, Inc., 


New York, N. Y. : 
4The Ohio Crankshaft Company, Cleveland, Ohio. 
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raised instantaneously from room temperature to 900 C and held 
at this condition. The abscissas were computed to determine 
how much time would pass under the foregoing surface condition 
before the center line of the bar was likewise raised to 900 C by 
conduction. Although this highly theoretical condition does not 
occur in practice, nevertheless, it is a useful tool in guiding the 
engineer when the problem of surface-hardening small-diameter 
bar stock exists. The term “transient thermal time’ was picked 
for lack of a better definition for this time interval. Therefore 


‘this curve might be considered as obtainable by the use of induc- 


tion energy, where its power density is very large but finite, and 
its frequency infinite, so that the initial depth of current pene- 
tration would be zero. 

In practice, it is recommended to use this interpretation of 
transient thermal time. If one is able by induction to induce 
sufficient power at a given high frequency into a small-diameter 
bar to surface-harden it, then it is necessary to interrupt the heat 
and quench immediately before this transient thermal time has 
passed; otherwise the bar will be through-hardened upon quench- 
ing. 

Several points on this characteristic have been well borne out 
in practice. For one example, */1.-in-OD pins 1 in. long have been 
surfaced-hardened in a stationary position by using 500-ke energy 
with power densities of the order of 50 to 100 kw per sq in., and 
heating times of a fraction to 1 sec. It was found that if the 
heating cycle were lengthened 1/1 sec, through-hardening of the 
pin resulted, everything else being the same. This result tends 
to verify the transient thermal time for this size of bar diameter 
as shown in Fig. 9. 


AuUTHOR’s CLOSURE 


The author welcomes Mr. Mitchell’s comments and field ex- 
perience which verify the fact that an induction-hardened bar 
under limited conditions will have a higher hardness reading than 
can be obtained by the conventional furnace method. To ex- 
plain this superhardness, it’ is necessary to consider the reasons 
for hardness in a martensitic structure. These are still contro- 
versial in nature and, to date, have not been explained completely. 
It may be due to the extremely homogeneous austenite resulting 
from the rapid carbide diffusion and, as Mr. Mitchell points out, 
with an attendant small grain size. It may be due to internal 
strain setup, owing to rapid cooling with a backing of unaffected 
metals. J. B. Austin® refers to the theory that the hard- 
ness is associated with the tetragonal structure of martensite and 
is essentially a structure distorted by the principles of carbon 
atoms and possessing no planes on which gliding is easy. What- 
ever explanation is used for the resulting high hardness due to 
induction hardening, we who have worked in the laboratory do 
not find it unusual; in fact, we view it as commonplace to pro- 
duce a hardened surface with a few points higher hardness read- 
ings than can be obtained under ordinary conditions. 

To Mr. Hamilton, we should like to say that it was not our 
intention to limit the manufacture of the locator to ceramic mate- 
rials only. Many types of materials, such as ceramics, refractor- 
ies, and plastics are used under specific conditions. It is to be 
noted, however, that there are very few plastics or fibrous mate- 
rials which can stand up in service when heated to 600 F or over. 
Since the temperature for induction hardening approaches 1600 
F, materials used for locating devices may deteriorate rapidly 
and become a maintenance problem if too closely located to the 
heated area. For example, transite is used in great quantities 
in making housings and fixtures supports as well as locators in 
induction applications. Transite, a composition of cement and 
asbestos, will pick up 15 per cent moisture and eventually may 


5 “Current Theories of the Hardening of Steel Fifty Years Later,’ 
by J. B. Austin, Metals Progress, vol. 54, August, 1948, p. 201. 
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become waterlogged and disintegrate if placed within a water- 
quenched area. Although varnish is often used to coat the trans- 
ite to make it water-repellant, heat and service eventually cause 
the varnish to wear off. 

Where the locators can be positioned at a distance from the 
area heated, various types of materials, as pointed out by Mr. 
Hamilton, can be used and are used by us in our laboratory and 
in the many fixtures which we design. If in locating an area to 
be heated the locator must come in contact with material at high 
temperature, a critical problem exists which few plastics, refrac- 
tories and ceramics can meet. It is for this reason, in many 
continuous heating applications, for example, slug heating, that 
Nichrome tubes are used. Nichrome will stand high temperature 
and is nonmagnetic. In addition, if the diameter of the Nichrome 
tubing is small in comparison to the part that is heated, little 
power will be absorbed. A second example is found in locating 
ball-bearing races which are through-heated and hardened one 
at atime. The ball-bearing races are heated to over 1800 F and 
oil-quenched in position. Our experience shows that locators 
made from stainless steel are very satisfactory, and the knife- 
edges which support the race have a high service life. 

Frequency has little to do with the type of material used in 
making fixtures. It is necessary of course to use caution when 
high voltage, which is associated with electronic frequencies, is 
used. For example, some electronic high-frequeney sets have 
stud posts with over 10,000 volts across their terminals, and these 
studs appear in the working area. Materials used in fabricating 
the inductor housing of integral locating fixture must have high 
dielectric strength and corrosion-resisting properties in order to 
minimize any voltage breakdown during service. 

Discussion in this paper was limited to 10,000 and 450,000 
cycles because these two frequencies are standard and are used 
in industry. Standard equipment is now available with most 
induction-heating manufacturers, and these frequencies can be 
adapted to over 90 per cent of all induction-heating applica- 
tions. Frequencies used in induction hardening range from as 
low as 1000 cycles to as high as 3,000,000 cycles. In specific in- 
duction-heating applications, frequencies as low as 60 cycles are 
being used. 

The points for clarification, as presented by Mr. Wadhams, 

- are gratefully received. All too often users of induction-heating 
equipment and induction-heating designers neglect to consider 
the fact that the heated depth is affected by the heat conducted 
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through the part. The importance of heat transmission h 
been emphasized by Dr. H. B. Osborn, Jr.,* which illustra 
that the heated depth is due to the depth of high-frequenc 
current penetration and the additional depth from thermo hes 


flow; thus 

D, = VA4/F . a) 
D, = V0.0015T (heating to 1600 F minimum) 

Dy = Di + Dp 
D, = depth in inches of metal in which most of heat generatec 
F = frequency in cycles per second | 
D, = additional depth in inches resulting from thermal heg 

flow | 

T = heating time in seconds. 

Dr = total depth 


The author wishes to state that there does not exist today a 
accepted common definition of hardened depth. In this pape 
we have considered the hardened depth to be that depth at whic 
the hardness range has decreased to 50 RC and experiments 
work was with steel containing 0.40-0.50 per cent carbon. It | 
to be noted that steels with lower carbon content are also indus 
tion-hardened, but because of insufficient carbon may not reac 
50 RC, even on the surface. Yet these heat-treated materia, 
are considered to have a hardened depth. 

In some circles, the hardened depth is considered to be th 


depth below the surface at which the hardness reading has de 
creased to one half of the over-all range of hardness. 


For ex 
ample, if the surface of the steel is 47 RC and the core is 15 RG 
the hardness range is 32 RC. The hardened depth would thel 
be considered to be that point below the surface where the hard 
ness has decreased to 31 RC. 

Where the steel is carburized, carburized depth often become 
the hardened depth. Many manufactureres consider the hard 
ened depth to be that depth at which the microstructure has beel 
affected to show a hardness reading greater than the hardnes 
of the original core. It should be pointed out, however, that, i} 
@ majority of cases, the user maintains a hardness-depth speci 
fication which is governed by proved service of the part to with 
stand wear. 


§ “Design and Manufacture for Profit,’ by H. B. Osborn, dr! 
Mechanical Engineering, vol. 70, 1948, pp. 805-810. 
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How Forging Acts to Enhance Metal 


Properties 


By E. O. DIXON! ann E. J. FOLEY,? CUDAHY, WIS. 


Heretofore unrecognized effects of high impact pressures 

eveloped by forging steel in closed dies have been studied. 
lechanical properties are compared for conditions of 
arying restraint to metal flow. Forging tests have been 
evised to permit analysis of impact pressure with and 
ithout accompanying plastic flow as separate effects. 
igh impact pressures developed in drop forging contrib- 
te substantially to the improvement in ductility and 
otched-bar toughness, This is demonstrated under 
mditions of negligible plastic flow. 


INTRODUCTION 


ETALLURGICAL literature contains numerous refer- 
ences to the effects of forging upon the physical proper- 
r ties of steel. Heretofore, maximum emphasis has been 
aced upon development of grain flow with directed methods of 
t-working. The refinement of crystalline structure from that 
‘curring in the original ingot and the increase in ductility and 
jughness, particularly in the direction of greatest plastic flow 
uve been discussed. : 
It is the purpose of this paper to evaluate the effect of the 
t-working method upon the physical properties of steel. The 
ope of the investigation includes the effect of hammer-forging 
r reductions increasing from zero to 96 per cent, when open 
es are used. In order to evaluate more completely the effect 
forging upon properties, steel was forged under conditions of 
straint employing closed dies. In the closed-die studies, 
ilet material reduced 80 and 92 per cent by rolling was em- 
oyed. The effect of forging ingot material in closed dies was 
served in order to evaluate more completely how the high 
essures used in drop-forging influence properties of steel. 


Nature or Foreinc MrEtHops 


There is at best among designers only a general understanding 
the effect of hot-working upon physical properties. It is 
ely that designers of heavy equipment, using components 
rged directly from the ingot, have been confronted more 
riously with the effect of hot-working upon directional proper- 
s than have designers of forgings made in drop hammers em- 
oying closed dies, 
An ingot is a casting which possesses inherent weakness spring- 
x from the solidification mechanism. The resultant structure 
somewhat coarse and may vary from a massive columnar 
ystallization at its periphery to an equiaxed crystalline structure 
thin the body of the ingot. The solidification of such a large 
uss proceeds relatively slowly, resulting in some segregation. 
yids due to entrapped gas and shrinkage cavities can exist. 
mmetallics are distributed in varying degree in accordance 
th the mechanism of solidification. The mechanical design 


1 Chief Metallurgical and Mechanical Engineer, Ladish Company. 
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of an ingot is such as to promote maximum soundness throughout 
the body of the cast form and to concentrate imperfections in a 
special easily removed section called the hot top. Ingots, par- 
ticularly those designed for subsequent forging, thus represent 
the maximum in metallurgical quality obtainable by freezing 
molten metal masses of the sections typically used. 

Hot-working an ingot, whether by forging or rolling, has not 
only the object of producing a desired geometry, but also that of 
altering structure, breaking up segregates, and actually welding 
cavities or voids. The nonmetallic segregate is distorted and 
broken up and, to some extent, redistributed, and the inherent 
coarsely crystalline structure is reduced to one that is finer. 
Direction of metal flow and amount of reduction affect distribu- 
tion and shape of the nonmetallics, imparting a definite influence 
on the grain flow associated with wrought steel. 

To the users of various types and sizes of forgings, the term 
“forging” may have widely different meanings. To the de- 
signers of large industrial equipment, a forging is a large shape 
up to several feet in diameter, hot-worked directly from an ingot 
which may be as large as 110 in. diam and weigh up to 500,000 
lb. Ingots are forged in hydraulic presses of up to 12,000 tons 
capacity using flat dies, and the shape produced must be deemed 
a crude approximation of the finished component. Tooling and 
equipment required in the production of such forgings are large, 
and the process involved is costly. However, the insurance of 
greater uniformity in dynamic properties and internal soundness 
has convinced engineers that greatest ultimate economy and 
satisfactory performance are to be had through the use of such 
forgings. Steam-turbine spindles, generator rotors, marine 
propulsion shafting and pressure vessels for the power, oil, and 
chemical industries are a few examples of forgings made directly 
from the ingot. 

To other users of forgings, the process implies use of steam 
hammers equipped with flat dies and employing material which 
has received prior plastic work from the original ingot by rolling. 
The kinetic energy developed by the freely falling weight of ram, 
rod, and piston, accelerated by pressure of expanding steam in the 
cylinder, is released quickly when die contact is made with the 
steel being forged. Steel is hot-worked by the high impact 
pressures developed when the kinetic energy developed by the 
falling weight is absorbed in a very small time interval. The 
contour of the forging produced is a rough approximation of 
the finished part. Forgings vary in weight, ranging from a few 
ounces to several thousand pounds. This method of production 
is particularly adaptable where quantities involved do not war- 
rant sinking dies, or where dimensional geometry precludes the 
production of a drop forging. 

Steam drop hammers are the principal source of large quantity 
production of forgings whose shape resembles closely the design 
of the finished component. Drop forgings are used for most 
dynamically loaded aircraft parts, in heavy-duty truck and 
tractor applications, in the automotive industry, and for deep- 
well drilling tools, to mention but a few of their many uses. 
The size of drop forgings may vary from several ounces up to 
3500 lb. Ratings of the steam drop hammer range from a few 
hundred pounds up to 50,000 lb. High kinetic energy, de- 
veloped by falling weight of ram, rod, and piston which is ac- 
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celerated by pressure of expanding steam, is dissipated suddenly 
on contact with the steel being forged. The unique manner in 
which the high impact pressures build up as forging proceeds 
will be developed further in this discussion. 

Board drop hammers are used to a large extent in the produc- 
tion of smaller drop forgings. Kinetic energy is developed by a 
freely falling weight from a constant height for successive strokes. 
Energy dissipation and impact pressures developed follow the 
same pattern as in the case of the steam drop hammer. Since 
terminal velocity developed in the board drop hammer is purely 
a function of height of fall, a few comparisons may be made with 
the steam drop hammer. Terminal velocities of 30 fps have 
been measured for steam drop hammers having a stroke of 4 ft. 
An equivalent terminal velocity in the board drop hammer re- 
quires a free fall height of approximately 16 ft. Since length of 
stroke for equivalent terminal velocities is much greater with the 
board drop hammer, the number of blows per unit time is less. 
However, in practice, it is not practicable to design and operate a 
hammer having a free fall height sufficiently great to give a 
terminal velocity equal to that of a steam drop hammer. Me- 
chanical difficulties also limit the falling weight that can be used 
economically in a board drop hammer. Actual forging practice, 
then, limits the size of board drop hammers used with the result 
that steam drop hammers constitute the source of impact-forging 
equipment developing maximum kinetic energy. 

Forging in closed dies, however, may be done using several 
types of equipment in addition to the drop hammer. Me- 
chanical and hydraulic presses are used widely for production 
of contour or closed-die forgings of relatively small size. Forging 
machines, often referred to as upsetting machines, likewise may 
be used to produce certain of the shapes made with presses and 
hammers. The design of the forging machine and its manner of 
operation make it especially valuable for forging only a portion of 
a bar as in a pinion shaft. It also affords a most economical 
method of gathering stock for subsequent final forging operations. 
Where the production quantities and standardization of forgings 
warrant, highly specialized forging equipment has been designed 
for the performance of specific tasks. Such equipment as rock- 
bit pointing and mushroom-valve forming machines are ex- 
amples of specialization in the production of forgings made in 
closed dies. 

It is not the purpose of this paper to discuss the choice of 
methods of forging as they are affected by economies of produc- 
tion or design. All of the forging equipment has its sphere of 
usefulness in the forging industry. Each is used to meet the 
problems posed by forming of specific shapes and sizes in 
various quantities. However, we may consider the manner in 
which certain of these various tools work steel in the forging opera- 
tion, 


OPERATING PRINCIPLES OF Presses AND HAMMERS 


Presses, whether mechanical or hydraulic, and forging machines 
when used to operate closed dies, impart an increasing pressure 
upon the steel reaching a maximum at the,end of the stroke. 
Energy available is a function of a definite mechanical linkage 
or piston relationship. Rate of energy dissipation is, in general, 
much slower than that with impact forging tools. 

The steam hammer, whether flat die or drop hammer, ities 
in operating principle from press or forging machine. Energy 
obtained by the falling weight of ram, rod, and piston, is increased 
by pressure of expanding steam against the piston. The amount 
of energy may be varied within wide limits by regulating the 
length of stroke and pressure cycle employed. The gravity 
drop hammer, however, differs from the steam hammer in that 
energy is received only from the freely falling weight of the ram, 
generally from a height constant for successive blows. 
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When steel is forged in open dies, regardless of method, the 
only restraining action is resistance of the hot metal to the forces 
acting upon it and friction between metal and die surfaces. 
Where action is slow and time of contact is long, the dies exert a 
chilling effect upon the steel. When the action is fast and die 
contact time is short, as in the steam hammer, chilling effect is 
minimized. 

When steel is forged in closed dies, regardless of method, mated 
rial flows in a fashion affected by its internal resistance to de- 
formation and the frictional relationship of steel and die surfaces. | 
As the steel fills the die impression, resistance to metal flow in-| 
creases and a condition approaching complete restraint to metal 
flow is developed. Excess metal is forced out as flash, cooling, 
quickly and increasing the resistance to further flow. _, =| 

We may at this point compare the relative action of different 
types of forging equipment when the die is filled and the forging | | 
is almost at desired thickness. A condition of great restraint to | | 
metal flow exists as just mentioned. Mechanical and hydraulic |j 
presses or forging machines require increased power to perform | 
the finishing operation. This increase is due to internal resist-_ | 
ance to metal flow because of drop in temperature and the re- | 
straining action imposed when excess steel is forced out of the 
impression as flash. Maximum pressure is built up, gradual | 
increasing to a maximum at the end of the stroke. 


Enercy ANALYSIS OF Drop HAMMER 


An analysis may be made of the energy dissipated upon impact |} 
when using a drop hammer. If we consider the terminal velocity |} 
of a 50,000-Ib steam drop hammer at a measured value of 30 fps, |} 
kinetic energy available at the moment of impact is about 700,000 jj 
ft-lb. Measurements of die-contact time with the steel pose |} 
several problems which have not been solved at present. How- |] 
ever, we know that in the final finishing blows a forging may be |} 
reduced as little as 0.005 in. Considering total deflections in the |} 
hammer and its foundation, it has been approximated that the | 
striking mass of 50,000 lb is brought to rest in about 0.020 in. | 
This would result in the short contact time of only 0.00011 sec., 
resulting in a dissipation of more than 10,000,000 hp. Itis doubt- || 
ful if any other. metalworking equipment produces.as great force. 
on the metal being forged as does a steam drop hammer hen | 
steel is struck under conditions of great restraint. It is the very | 
high rate of release of energy which produces this extreme pres- | 
sure on forging in closed dies.. ae || 

Previous investigators do not appear to have consignee sepa-» | 
rately the two factors of high impact pressures and metal flow in | 
studying the effects of forging. As will be shown herein, these 
effects can be separated for investigational purposes. It will be » 
demonstrated that pressure alone contributes.a substantial prog | 
portion of the improvement gained oe forging. 


Init1au Stupres OF Doren Erructs 


While grain flow is associated with open and closed-die forg- | 
ings, as with other methods of’ producing wrought shapes, an | 
impression appears to exist among some-users of forgings that a | 
difference exists in strength parallel with and transverse to the 
direction of grain flow. It will be of interest to analyze facts | 
revealed by past and present experimental work. Competent 
investigators, as early as 1925, have shown that while differences 
in static tensile strengths in various directions are small, im- | 
provement in ductility and dynamic strength is produced in 
all directions by forging. Moreover, improvement in notch 
toughness and endurance values is consistently ling: in the 
direction of maximum plastic flow. 

Data may be referred to-at this time Hedi the effect of | 
open-die forging on longitudinal and. transverse properties. | 


Cross-sectional! 


Aitchison and Johnson’ studied directional properties of several 
janalyses. Data for a carbon steel are shown in Table 1. The 
original material used in this study was trepanned to obtain a 
,13/--in-diam section from the center of a 28-in. octagonal ingot. 
Center location was chosen to obtain only equiaxed material in 
the as-cast condition. Reductions of 75, 87.5, and 96 per cent, 
respectively, were made by open-die-forging methods. Material 
was tested after normalizing at 1562 F (850 C). Composition 
tested was as follows: Carbon 0.34, manganese 0.79, sulphur 
,0.063, phosphorus 0.046, silicon 0.13, nickel 0.15, chro- 
mium 0.22. No appreciable difference was found for longi- 


point. The difference between longitudinal and transverse 
' Izod values was found to be greater than the variation in duc- 
tility. 

In fatigue tests on the foregoing material and other analyses, 
Aitchison and Johnson? observed a maximum deviation of 17 
‘per cent fatigue strength of longitudinal and transverse speci- 
mens. The results of their fatigue tests are shown in Table 2. 


TABLE 2 EFFECT OF REDUCTION IN FORGING UPON ENDUR- 
d ANCE STRENGTH 


Endurance limit, psi 


— 


» Condition Longitudinal Transverse 

EERECASEY os tio ole edie. ese Sueseve +29200 +28300 
75 per cent reduction. . +36300 +33700 
87.5 per cent reduction +36300 30300 
96 per cent reduction........... +35800 +33700 


Mechanical properties such as ultimate strength, elastic limit, 
-and yield point showed little variation with forging direction. 
Improvement in ductility, toughness, and fatigue strength was 

greater in each case for longitudinal tests than for transverse 

specimens. While the average endurance limit observed for the 
as-cast material was +28,700 psi, the average endurance value 
for reduction of 75 to 96 per cent was 34,300 psi. The mini- 
“mum improvement in endurance was approximately 7 per cent. 
‘Hence the effect of forging upon fatigue strength is equivalent 
3“‘The Effect of Grain Upon the Fatigue Strength of Steels,” by 


L. Aitchison and L. W. Johnson, Journal of Iron and Steel Institute, 
vol. 111, 1925, pp. 351-378. 
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tudinal or transverse ultimate strength, elastic limit, and yield © 
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TABLE 1% EFFECT OF CROSS-SECTIONAL REDUCTION IN FORG 
PROPERTIES RGING UPON MECHANICAL 


reduction, —— As-cast —— —— 75 —— —— 
per cent ingot ce, Pare rs oe 
; : Longi- Trans- Longi- Trans- Longi- T = i- = 
5 Test direction tudinal verse tudinal verse eadivial verse nil oe 
lastic limit, psi ae 36900 36700 45300 44000 46800 46800 45 
Yield point, psi.... FOC 45600 41000 47500 48300 47500 47500 46200 43300 
saenee aan stress, Da. ; eaeee aoe ee 82000 79600 80000 80800 80800 
ion, per cent... 3 A - 4 
para eee 29.0 33.4 22.2 33.1 28.5 
CORD cies oc ieiareetvit's 25.8 23.6 57.4 48.4 58.3 23.8 58.7 43 
DAO s Stal Dik envacarece octave 16.7 17.0 34.0 27..3 Gere 30.0 74.0 39.6 


@ Original data of Aitchison and Johnson’ converted from tons per square inch to psi. 


to substantial improvements in life or maximum load under 
conditions of widely fluctuating stress. 


COMPARISON OF OpPEN-DiE AND CiLosEep-Dir ForGING 


About 4 years ago, initial data obtained by forging equivalent 
shapes in open dies and in closed dies gave a first quantitative 
indication of the greater improvement in toughness and ductility 
resulting from closed-die forging as compared to open-die forg- 
ing. In this experiment two shafts were forged to 4!/, in. diam 
using 4-in. round-cornered square billets of the following chemis- 
try: Carbon 0.23, manganese 0.90, phosphorus 0.022, sul- 
phur 0.026, silicon 0.018. 

The open-die shaft forging was made under a 2500-lb hammer 
using flat dies. The forging was air-cooled from a finishing 
temperature of 1850 F, using 75 blows to make the forging. 
The closed-die forging was forged in a 12,000-lb hammer em- 
ploying 8 blocking and 11 finishing blows, and the finished forging 
was air-cooled from a temperature of 2040 F. Properties ob- 
tained from each forging are given in Table 3. 

Noticeable particularly is a major improvement in transverse 
ductility obtained by forging in closed dies under conditions of 
great restraint and with extremely high impact pressures. 

A second experiment of similar nature was performed em- 
ploying alloy steel of NE 8744 chemistry and following forging 
with heat-treatment to obtain higher mechanical properties. 
Results of this series of tests are given in Table 4. 

These results indicate likewise a distinct improvement in trans- 
verse ductility when forging in closed dies. The strength proper- 
ties in both tests show no substantial difference with variation in 
direction. 

Having obtained initial information showing increased trans- 
verse ductility in the closed-die forging, as compared with open- 
die forging, a question arose regarding the effect of impact without 
appreciable plastic flow. In order to evaluate the effect of high 
pressure without plastic flow versus high pressure with plastic 
flow, a third experiment was performed. 

Test billets of SAE X-4340 were machined into cylinders 
33/, in. diam X 81/,in. long. A second group of test pieces was 
machined into cylindrical form 41/2 in. diam X 6 in. long. All 


TABLE 3 COMPARATIVE EFFECT OF FORGING IN OPEN AND CLOSED DIES UPON ME- 
CHANICAL PROPERTIES 


Open-die forging 


——+—Closed-die forging—— 


es 
i i f imen axis —Longitudinal— Transverse -—-Longitudinal— Transverse 
ea case specimen Soleo Caaneue Center diametral Surface Center diametral 
imate strength, psi..... 83500 73700 69250 80500 74000 74200 
Vietd neint, pat bea oA leas dcnh 54400 48000 48750 56800 47700 52000 
Elongation in 2 in., per cent 32.4 35.5 11.0 36.2 38.5 26.0 
Reduction of area, per cent. 70.2 63.3 Teal 73.2 (ath 48.4 


y 


MPARATIVE EFFECT OF FORGING IN OPEN AND CLOSED DIES UPON ME- 
pee ubiea C8 CHANICAL PROPERTIES 


— 


Open-die forging 


—Closed-die forging— 


— 


i i f imen axis —-—Longitudinal—~ Transverse -—-Longitudinal— Transverse 
abel a ecciica Sass Surface Center diametral Surface Center diametral 
i trength, psi..... 127000 124500 122000 127300 130300 124100 
Free eteenath 0.8 wee cent 98000 97000 100000 98000 101300 103700 _ 
Elongation in 2 in., per cent 19.6 18.5 5.0 20.2 19.0 15.0 
Reduction of area, per cent 60.5 49.3 13.4 58.9 52.9 37.0 
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test pieces came from the same bar. A set of forging dies was 
sunk with the bottom die machined so as to contain snugly the 
41/,-in-diam pieces when heated to forging temperature. The 
top die was flat. Total pressure was confined to the specimen 
being forged by means of a suitable cold cylinder used on top of 
each piece to transmit all of the impacting pressure to the test 
specimen. In this manner the 3%/,-in-diam pieces were upset 
to the diameter of the die cavity and then subjected to repeated 
impacts. The 4!/,-in-diam test pieces were not upset ap- 
preciably for they just fitted the cavity. These latter pieces, 
however, were subjected to impact pressure with negligible plastic 
flow. Tensile tests made on these specimens, illustrating the 
relative effect of impact pressure with and without accompanying 
plastic flow, are shown in Table 5. The SAE X-~-4340 tested in 
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FEBRUARY, 


TOP DISCARD BOTTOm DISCARD 


TESTED FOR AS CAST PROPERTIES, 
ALSO USEO FOR CLOSED OIE FORGING 
WITH NEGLIGIBLE PLASTIC FLOW 


STEEL FOR OPEN OIE REDUCTIONS 
OF 20- 96 PER CENT 


Fia. 1 
Inaor 


L PROPERTIES OF UPSET AND COMPRESSED SAE X-4340, COM- 
Corea wie ARED WITH ORIGINAL BILLET MATERIAL 


- 


Id ; 
Ultimate alae Reduction of Charpy 
strength, 0.2 offset Elongation, area, ADE eee 
Condition Direction psi psi ee ori ¥ i 
Rolled Longitudinal 143900 127500 18. F = 
Tosek Longitudinal 146300 127700 17.2 re e ie 1 
Compressed Longitudinal 147000 129000 17.7 F Beas 
Rolled Transverse 143900 128100 12.8 31.6 pees 
Upset Transverse 147200 128100 15.3 40.5 op is 
Compressed Transverse 150300 134300 14.3 38.0 : 
the heat-treated condition, represented a condition of higher 185,000 psi. Comparison was established with properties in the 


strength properties. Included for comparison are data on rolled 
billet material tested in the heat-treated condition. 

The results in Table 5, taken as the average of three deter- 
minations in each case, indicate clearly that transverse ductility, 
as measured by reduction of area, and toughness, as determined 
by the notched-bar test, are improved by closed-die forging. 
Of particular interest, however, is the fact that these properties 
are improved primarily by the high pressures developed in the 
closed-die forging. This is brought out in the test where the 
material was compressed by high impact pressure with negligible 
plastic flow. 


CuRRENT EXPERIMENTAL PROGRAM 


The tests described provided sufficient background on hereto- 
fore unrecognized phases of the effect of closed-die forging to pose 
new and unanswered questions. Engineers are constantly con- 
sidering designs that will employ forgings which can develop 
high dynamic strength and endurance properties. It is obvious 
that the strength values, as determined by static tensile tests, 
are not the only criteria of successful performance, but are 
related to and depend upon the resultant dynamic properties 
and ductility developed. Construction of large drop hammers 
with ratings as high as 50,000 lb have permitted engineers to 
design, as drop forgings, components weighing up to 3500 lb. 

Keeping in mind the nature of trends in engineering design, a 
long-range experimental program has been developed to study 
effects of closed-die forging upon mechanical properties. In- 
cluded for study are such phases as the following: 


1 Trend shown by the dynamic properties, endurance strength, 
and notched-bar toughness, for steels developing ~ highest 
strength in static tensile tests. 

2 Effect of varying prior plastic work by AIRS with em- 
phasis on lower cross-sectional reduction from ingot. 

3 Effect of increased pressures developed by hammers of 
higher rating. 


Since the scope of such work is necessarily large, a portion of 
the work undertaken and completed at present may be discussed 
at this time. Tests were devised to evaluate effect of open-die 
forging with increasing reduction upon mechanical properties 
of an alloy steel heat-treated to an ultimate strength of 165,000— 


original ingot. Material which had received 80 and 92 per cent 
prior plastic work, respectively, in rolling was forged in closed 
dies. A portion of the closed-die forging was done permitting 
20 per cent upset. Forging was also done with negligible plastic 
flow to observe effects of impact pressure alone. In order to 
gather background on effect of closed-die forging, where little 
prior work had been done by rolling, ingot material was forged 
in closed dies with negligible plastic flow. The portion of work 


completed at present is based upon static tensile, bend, and pre-~ 


liminary Charpy notched-bar studies. 
under way, are not included in this paper. 

Material used in this investigation was electric-furnace steel of 
the following composition: 


Endurance tests, while 


Carbon....... 0.40 Silicon: dace 0.26 
Manganese.... 0.75 Nickel. Y5...c1b hoe 1.73 
Phosphorus. . 0.015 Chromiumy.ce 0445 0.71 
Sulphtte. soe 0.025 Molybdenum....... 0.26 


One 25-in. ingot of 8500 lb weight was employed to provide 
cast material for test and for forging to varying reductions using 
an 8000-lb double-frame steam hammer equipped with flat dies. 
Fig. 1 illustrates per cent reduction and location of test material. 


One 25-in. ingot was rolled to 7-in. round-cornered square — | 


billets. Another 25-in. ingot was rolled to 16-in. round-cornered 
square billet, although none of this section was used in this 
investigation. The balance of the heat was rolled from 25-in. 
ingots to 11-in. round-cornered billets yielding 86,210 Ib in this 
size. Thus the 7-in. and 11-in. billets represent 80 and 92 per 
cent reduction, respectively, by rolling as prior plastic work. 

Specimens were machined from 7-in. and 11-in. billet material 
for forging tests in closed dies employing a 5000-lb steam drop 
hammer for the closed-die tests. A schematic representation of 
test-specimen shape, per cent reduction, and direction of work 
with respect to grain flow is shown in Fig. 2. 

The specimens used for closed-die tests, permitting 20 per cent 
upset, were cylindrical. Those specimens used for the 0 per 
cent upset tests were machined as a frustrum of a cone. 
ance was made so that the specimen when hot just dropped 
snugly into the die. This permitted forging the specimen under 
complete restraint with negligible metal flow. Location of the 
machined specimen, with respect to its original position in the billet, 


H 
D1aGRAM SHow1nG Foreina Test Locations FoR A 25-IN. 


Allow- 


aS 
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was maintained by use of stainless-steel pins Jocated in the 
bottom of the piece. An unheated machined cap was placed on 
top of each forging specimen after it was dropped into the lower 
die. The purpose of this cap, or cold top, was to permit ready 


= 


20 PER CENT UPSET © PER CENT UPSET 


Fic. 2 Dracram or Cxiosep-Dir-Forcing ProcepurE, SHOWING 
AMmowuntT OF Puastic Work, Forcinc, AND ORIGINAL GRAIN-FLOW 
DIRECTION 


‘ 


removal of the specimen from the lower die after forging. Lock- 


ing of the cold top to the specimen was achieved with a few light 


hammer blows, upsetting the forging around the cone on the 


| 


coldtop. An illustration of a forged test piece with attached cold 
top is shown in Fig. 3. 

A total of 36 test pieces were forged by this method, 8 of which 
were of heat-resisting alloys not tested as of this writing. All 
closed and open-die forgings of SAE 4340 were cooled slowly 
after forging. 

Surface, mid-radius, and center sections with longitudinal and 


= 


Fic. 3. Ciosep-Dir Test Forcinc WITH ATTAcHED Cotp Top 
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transverse grain flow were prepared for each stage of reduction, 
where obtainable, from the material forged in open dies. The 
material was cut into slabs approximately 3 X 8 X 1!/sin. 

Material forged in closed dies was sectioned into slabs 11/¢ _ 
in. thick to provide test material from surface, mid-radius, and 
center sections, where obtainable, and possesing longitudinal and 
transverse grain flow. 

All material was heat-treated by normalizing, hardening, and 
tempering. The complete thermal history, including forging 
temperatures, is summarized as follows: 


Forging: 2175 F—2230F; cooled at 10 F per hr 
Normalize: 1625 F; cooled in air 

Heat: 1525 F; quenched in oil at 130 F 
Temper: 1000F 

Hardness: 3.10—-3.20 Bhd, or 363-388 Bhn 


After heat-treatment, standard 0.505-in. tensile test bars were 
machined and tested. Bend tests were made using specimens 
having */s; X 3/i¢-in. cross section, and a bend radius of 1/, in. 
Impact tests were made using standard Charpy specimens with a 
milled notch. 


RESULTS OF CURRENT HXPERIMENTAL WORK 


In order to establish preliminary trends in this investigation, 
properties at the mid-radius test location, with reference to the 
original billet or ingot, were determined. These are included in 
the results obtained to date. Results of longitudinal.and trans- 
verse tensile tests for various cross-sectional reductions in open- 
die forging are shown in Fig. 4. 
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OpEN-Dib FoRGING 


No apparent difference exists between longitudinal and trans- 
verse ultimate strength or yield strength from the original ingot 
through increasing stages in reduction by open-die forging. 
Significant variation in ductility is noticed, however. Improve- 
ment in ductility is greater in the longitudinal direction for in- 
creased cross-sectional reduction in open-die forging. Reduction 
of area appears to be a more sensitive indication of ductility than 
does elongation for steel heat-treated with resultant ultimate 
strength of 120,000 to 180,000 psi.. This has been observed in 
many tests performed on die blocks and piston rods where little 
variation in ductility as measured by elongation is noted. How- 
ever, low reduction of area has been observed in those components 
having unsatisfactory service life, yet possessing elongation com- 
parable with material giving satisfactory performance. 

A comparison of the effect of forging methods is illustrated in 
Table 6. Ingot material was tested from a mid-radius location. 
Material from the same ingot location was forged in closed dies 
with negligible plastic flow. A marked improvement in ductility 
may be noted due to impact pressure alone. Closed-die forging 
with negligible plastic flow and with 20 per cent upset, likewise 
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TABLE 6 COMPARATIVE STATIC TENSILE TE 


— a onugitudiial ma A Transverse 
section Ultimate Les Elongation Reduction Ultimate . atronath, Elongation Reduction 

reduction erent 0.2 per jn 2 in., of area, strength, 0.2 per. in 2 in., of area, 
from er Forging method psi t cent, psi percent per cent psi cent, psi percent per cent 

an a Wascast iDZObss «<cieres sy. ser ines eelele ce waleiae asute 173200 160000 6.0 Hye e ean teers aS 8 iS § : 

0 Ingot material, closed die, zero per cent upset. . 172500 160000 11.0 - es ho ao re 

80 oO on ALO ea esse wc Gis ee Phaa sitlecess eartarel aleve toate bam 184000 170000 16.0 50.8 pee heed we peat 

80 Closed die, sero pet cont pete oe "tao 137500 15.0 26.6 172500 152500 10.0 27.2 

oe Closed die, eae eres ae 180000 170000 15.0 49.2 181500 175500 iste ae 

69 = 'Closed die, zero per cent upsct.v--- 00540. cote 170200 152500 15.5 49.2 175700 157500 - 12.0 28.2 

92 Closed die, 20 per cent upset......--++eereerers 175700 161500 16.0 50.6 i 


shows an increase in transverse ductility over open-die forgings 
for comparable cross-sectional reductions from the original ingot. 
It may be noted that impact pressure alone causes a marked 
improvement in transverse ductility. 

Effect of cross-sectional reduction and forging method upon 
Charpy impact strength is shown in Table 7. 


TABLE 7 VARIATION IN CHARPY IMPACT STRENGTH WITH 
FORGING METHODS FOR MID-RADIUS TEST LOCATIONS 


Cross- ; 
sectiona, 
reduction, -——Charpy impact, ft-lb——\ 
per cent Forging method Longitudinal Transverse 
0 As-cast ingot 14 12 
0 Closed die, zero per cent upset 18 21 
80 Open die 24 15 
80 Closed die, zero per cent upset 23 15 
80 Closed die, 20 per cent upset 24 15 
92 Open die 26 15 
92 Closed die, zero per cent upset 24 15 
92 Closed die, 20 per cent upset 22 14 


The greatest improvement in notched-bar toughness over 
as-cast material is shown in the longitudinal direction. Closed- 
die forging on ingot material with negligible plastic flow has 
resulted in a distinct improvement. 

Bend tests were performed on mid-radius material using bend 
bars with ?/; X 3/j.-in. cross section and a bend radius of 
1/,in. Mid-radius ingot bend bars broke at 56 and 89 deg for 
longitudinal and transverse directions. Longitudinal and trans- 
verse specimens taken from comparable ingot material, forged 
in closed dies with negligible plastic flow, withstood the 180- 
deg bend test satisfactorily. All wrought steel, forged by open 
and closed-die methods, was bent 180 deg without failure. 


SUMMARY 


The purpose of this investigation has been to study the effect 
of reduction and of forging method upon the mechanical proper- 
ties of steel. Neither amount of reduction nor method of forging 
alters the strength properties at a given hardness level with regard 
to direction of grain flow. A successive series of experiments on 
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steel treated to varying ranges of strength show superior trans- | 
verse jductility and notched-bar toughness developed , by the ; 


extremely high pressures used in closed-die forging. That pres- 


sure alone in closed-die forging effects an improvement in trans- 
verse ductility has been demonstrated by tests in which amount. | 
It is felt that this aspect | | 
of the high pressures developed in closed-die forging has been f 


of plastic deformation was negligible. 


overlooked heretofore. 
The advantage that may be realized from this method of hotl| 


working lies in the ability to improve properties in regions of } 


highest stress. Such effects may be realized by drop-forging, | 


the process yielding shapes whose geometry follows closely the } 


design of the finished part. While some designers feel that full 


advantage cannot be taken of higher ductility, because of inability 

of a design to function with high deflections, very often operating J 
stresses of a high order or overload conditions require deforma- | 
tion for a very small gage length. Such condition can arise in a'} 


fillet. 
by ample ductility, the result is satisfactory performance. 


If the resulting deformation in the restricted area is met 
On 


the contrary, low ductility in such a region can result in a pre- |} 
The operation of gas |} 
turbines has shown that bucket wheels possessing highest cen- || 
ter ductility have attained the best performance, again illus- 


liminary crack leading to ultimate failure. 


trating the relation of ample ductility to service life. 


The nature of the results obtained to date on the effect of forg- | 
ing method point definitely to the need for further work in this. 
field. Inasmuch as high pressure with no appreciable plastic 
flow has shown a material improvement in ductility of ingot | 
material, the question has arisen concerning effect of closed-die 


forging on billet, material of large cross section with less plastic 
work from the ingot stage. 


steam drop hammers. 


perties in fatigue are in progress at the present time. 


This is of decided importance in 
view of the growing demand for forgings produced by the largest . 
Further investigation is needed to show | 
the effect of higher pressures, tested by using hammers of greater. 
rating. Studies of effect of closed-die forging on endurance pro-— 


Shielded Thermocouples for Gas Turbines 


By A. I. DAHL! ann E. F. FIOCK,! WASHINGTON, D. C. 


In gas turbines, the gases are normally much hotter 
than the surrounding walls, so that radiation from a 
thermocouple in the gas stream to the walls may cause 
considerable error in observed values of gas temperature. 
Effective radiation shielding of the measuring junction 
can be accomplished by pressing a small tubular shield of 
silver, gold, or platinum directly on an oxidized junction of 
base-metal thermoelements. The construction, calibra- 
tion, and performance of junctions with pressed shields 
of low surface emissivity are described, and the results to 
date of service tests in gas turbines are discussed. Experi- 
mental results on the rate of response of various junctions 
to sudden changes in temperature, and means for in- 
creasing this rate are presented. 


INTRODUCTION 


HE recent development of the gas turbine as a practical 
power plant for applications on land, sea, and in the air 
| has been accompanied by the wide use of thermocouples for 
indicating gas temperatures in the range up to approximately 
2000 F. Many problems related to this application have assumed 
considerable importance, in both the evaluation of power-plant 
performance and in the development of satisfactory controls. 
These include evaluation, in terms of indicated temperature, of 
the heat transfer to or from the sensing element by conduction, 
convection, and radiation, the effects of gas velocity, and the rate 
of response of the element to sudden changes in temperature. 
Of these diverse problems, this paper deals only with the control 
and evaluation of the radiation correction, and with the response 
rate of thermocouples. The experimental work was done at the 
National Bureau of Standards, with the Bureau of Ships, De- 
partment of the Navy, as sponsor. 


GENERAL CONSIDERATIONS 


The temperature attained by a thermocouple junction, im- 
mersed in a stream of hot gas, is seldom identical with the tem- 
perature of the gas, but instead is characteristic of a steady state 
at which the rate of heat transfer from the gas to the junction by 
sonvection, impact, and friction is equal to the rate of heat trans- 
fer from the junction to the surroundings by radiation and con- 
juction. If the junction can “‘see”’ the flame, it may also receive 
neat by direct radiation over a limited solid angle. Assuming 


that the gas is transparent to radiation, the following equation 


holds at a steady state 
‘i fe ets T;)Ai + I+ cee, (7,4 ae T{)2Ai — oe(7";4 
ah Aw hhAs/a) Cla Tayi oe. ne ns 1] 
n which 
h, = coefficient of heat transfer by convection 
T = absolute temperature ‘ 


4, = surface area of junction 
¢ = Stefan-Boltzmann radiation constant 


1 Physicist, National Bureau of Standards. 

Contributed by the Heat Transfer Division and presented at the 
Semi-Annual Meeting, Milwaukee, Wis., May 30-June 5, 1948, of 
Tun American Society or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
inderstood as individual expressions of their authors and not those 


fthe Society. Paper No. 48—SA-29. 


e = surface emissivity of junction 
€; = emissivity of flame 
x = fraction of total solid angle over which junction sees the 
flame 
k = coefficient of thermal conductivity of thermocouple wires 
A: = cross-sectional area of thermocouple wires 
a = depth of immersion of junction 


Subscripts s, 7, w, and f mean static, indicated, wall, and flame, 
respectively, and refer to the gas, junction, wall, and flame. 

The quantity J represents the rate of heat transfer to the junc- 
tion due to directed motion of the gas, and is the resultant of 
directed impact and friction in the boundary layer of gas around 
the junction. The magnitude of J depends primarily upon the 
velocity and heat capacity of the gas, and to a lesser extent upon 
the configuration of the junction and the nature of the flow around 
it. The discussion which follows is limited to gas velocities suffi- 
ciently low that I can be neglected for practical purposes. 

The stem conduction term may be conservatively approxi- 
mated by (kA2/a)(T; — T,,). Its effect may be made negligibly 
small by proper attention to thermocouple design and installation 
(1, 2),? by the use of small wires, and by adequate immersion. 
If it is assumed also that the junction cannot see the flame, the 
foregoing equation becomes simply 


T= 7, = (seh (ie eee [2 


which expresses the departure of the temperature indicated by 
the junction from the static temperature of the gas, resulting 
from radiation alone. Since the radiation intensity increases as 
the fourth power of the absolute temperature, the correction due 
to radiation losses assumes considerable importance at the tem- 
peratures experienced in gas turbines. 

The use of shields to reduce the radiation correction has been 
common practice for many years. The most common type con- 
sists of coaxial tubes surrounding the measuring junction (3, 4), 
and the effectiveness of such shields increases with the number 
employed. Units of this type, however, are difficult or impossible 
to install in many loeations throughout a gas turbine; they create 
undesirable disturbances to gas flow, and are slow to respond to 
changes in temperature. 

Another well-known method of reducing the radiation error 
(5) is to decrease the emissivity of the surface of the junction it- 
self, that is to decrease the value of ¢ in the equations given. This 
approach seemed to offer the most promise for the development 
of an instrument having the characteristics desired for service in 
gas turbines, and therefore was followed in the present investi- 
gation. 


Test EQuipMENT 


The equipment used to produce streams of exhaust gas in which 
these tests and calibrations were made is shown diagrammatically 
in Fig. 1. It consists essentially of a blower supplying air to a 
single combustor from a German Jumo 004 turbojet engine, with 
controls for inlet air and fuel, and a bleed line in parallel with the 
test section on the burner discharge. Gas temperature is ad- 
justed by controlling the inlet air and fuel rates, and the velocity 
in the test section can be varied by means of the valve in the 
bleed line. : 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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The test section is a 4-ft length of 6-in. standard iron pipe, 
provided with three hatches for convenience in installing various 
instruments, and located far enough downstream from mixing 
and flow-straightening devices that the temperature and velocity 
are sensibly uniform over a central core 3 in. diam. Numerous 
junctions peened into the test section are used to indicate wall 


temperatures. 


Jumo 004 Combustor 


Perforated Disk 


Test Section 


Fig. 1 DraGRamM or ComBustTion SystEM 


The equipment provides gas flows from 2 to 7 lb per sec ft* and 
gas temperature up to 1500 F. It is anticipated that the range 
of the present measurements will be extended considerably with 
new equipment now being constructed. 


Junctions W1iTH PRESSED SHIELDS 


Theory and Construction. From Equation [2] it will be seen 
that the effect of radiation to the surroundings is directly pro- 
portional to the surface emissivity «, of the thermocouple junc- 
tion. The emissivities of base-metal thermocouple materials 
(oxidized surfaces) range from about 0.80 to 0.95. The emissivity 
can be reduced temporarily by polishing the junction, but the 
surfaces reoxidize rapidly at elevated temperature. However, 
silver and gold have an emissivity of from 0.03 to 0.05 and plati- 
num from 0.12 to 0.18. Since these metals are not subject to 
oxidation, they retain their effectiveness as radiation shields at 
all temperatures below their melting points. 

Thus by covering the junction of a chromel-alumel thermo- 
couple with a layer of silver, the rate of heat transfer by radiation 
from the junction to the surroundings will be reduced by a factor 
of about 18, with only a slight decrease in the rate of heat trans- 
fer from the gas to the junction by convection. Fig. 2 illustrates 
the construction of such a silver-shielded junction, 

A junction is made between the base-metal thermoelements in 
a conventional manner, such as by autogenous welding. The 
resulting bead is dressed to the form of a disk having a thickness 
about equal to the diameter of the wires. A 3/,in. length of 
fine silver, gold, or platinum tube, 1/; in. OD X 0.020 in. thick, 
is flattened so that it will slip freely over the disk and the wires. 
After the disk and about '/2 in. of the adjoining wires have been 
oxidized by heating to a dull red in a mild air-gas flame, the disk 
is inserted to the approximate center of the flattened tube. The 
flattening of the tube is then continued in a press or vise until the 
junction is held firmly by the'tube, which becomes about 0.2 in. 
wide and 0.04 in. thick when No. 22 thermocouple wires are used. 

Such a shielded junction is simple to construct, reasonably 
rugged, andshas small physical dimensions, so that it is easy to 
install, it creates little disturbance to flow, and it responds rapidly 
to sudden changes in gas temperature, 
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Protection and Mechanical Stability of Shielded Junctions. Al- 
though shielded junctions of the type described, supported only 
by two-hole porcelain insulating tubes, are suitable for laboratory | 
use, some mechanical protection is essential for service applica- 
tions. For use in exhaust gas, it has been found that a guard) 
tube of Type 347 stainless steel, slotted to permit the flow of gas| 
over the shield, meets this need. Fig. 3 shows an unguarded. 
junction, and two with guards of the type mentioned. From the 
standpoint of ease of installation, the advantage of making the 
guard the same diameter as the support tube is obvious. Nu- 
merous tests have shown that these guards have no significant 
effect upon the calibration or the performance of the shielded. 
junctions. 

Preliminary service tests of silver-shielded junctions made of 
No. 22 chromel-alumel wire in operating gas turbines showed that, 
while the mechanical strength was adequate in one unit, the wires 
failed between the silver and the porcelain tube in another. The 
obvious methods for increasing the strength are to increase the 
size of the thermocouple wire, to decrease the thickness and 
length of the shield, and to provide mechanical support in addi- 
tion to that of the wires themselves. 

The use of large thermoelements has the disadvantages of 
larger heat loss by conduction and of decreased rate of response. 
The first of these is not serious, and the second is of little impor- 
tance in some applications. Hence shielded junctions of No. 14 
chromel-alumel have proved satisfactory in one application in 
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SHIELDED THERMOCOUPLE PYROMETERS 


which those made from No. 22 wires failed. In this case addi- 
tional mechanical support, as well as the larger wire, was required 
because of the severe service conditions. 

The use of pressed shields of silver, gold, or platinum less than 
about 0.02 in. thick is not recommended from the standpoint of 
strength, because these metals become relatively soft at the tem- 
peratures under consideration. 

To study the effect of shield length, the performance of various 
shielded junctions was compared with that of a junction having a 
shield */; in. long. The relative magnitudes of the corrections 
with shields of various lengths are given in Table 1. It will be 


TABLE1 RELATIVE MAGNITUDE OF RADIATION CORRECTION 
Junction with */aim. shield... 1.2... 0 cece e ee eee eee ene 1.0 


Junction with 1/2in. shield... ......- 66. eee eee eee eee ‘ 2 
Junction with 1/4in. shield As ka i ERE MR A ae. S, woe ee oie aE Ops Le 
Junction with 1/sin. shield............. Ree Scar iter ociek roca 
Bare jee tlOm secre = -nd «ulereiors Bee ee or BRE EMDR, NI fhe 


noted that little advantage is to be expected from making the 
shield longer than */; in., but that the radiation error increases 
appreciably as the length of the shield is reduced below this value. 

For increased mechanical support, various methods, including 
anchoring the shield to the porcelain insulating tube and to a 
similar porcelain tube, supported from the end of the guard tube, 


°o 


have been tried. However, the method which seems most satis- 
factory, both from the standpoint of construction and perform- 
ance, is that shown in Fig. 4. A lower support is provided by 
inserting a nichrome loop in the end of the flattened shield tube 
before the latter is pressed to final shape. The nichrome support 
is then passed through appropriate holes in a disk anchored in the 
end of the guard tube. Thus the nichrome limits the possible 
movements of the shielded junction to an extent which virtually 
eliminates failure of the wires by fatigue. 

Preliminary tests of silver-shielded junctions in an operating 
gas turbine indicate a life of several hundred hours in all locations 
except between the combustor and the turbine. At the latter 
location the junctions fail in less than 50 hr of continuous service, 
regardless of the gas temperature. 

The leading edge of the silver shield of a junction that has 
failed is badly pitted, and both the chromel and alumel elements 
have deteriorated within the shield and for some distance up the 
porcelain insulating tube. The direct impingement of incandes- 
cent carbon particles on the shield, and possible effects of sulphur 
in the fuel, are being investigated at present. 
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DETERMINATION OF RADIATION CORRECTIONS 


Laboratory Standard Thermocouple for Gas-Temperature Meas- 
urements. If the effects of radiation are to be determined ex- 
perimentally, the first requirement is a laboratory standard in- 
strument which is free from such effects. Fig. 5 shows a py- 
rometer in which a bare thermocouple junction is surrounded by a 
cylindrical shield, the temperature of which can be controlled by 
a second electricaily heated shield. The inner shield is a silver 
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tube 51/2 in. long X lin. OD X 0.04 in. thick. The outer shield 
of stainless steel is provided with a heating element of nichrome 
ribbon, insulated from the tube with mica. The heating element 
is divided into three approximately equal sections, each section 
being provided with individual current control. Three chromel- 
alumel junctions peened into the silver shield are used to indicate 
its temperature. By adjusting the heat supplied electrically to 
each section of the steel shield, the temperature of the silver shield 
can be brought to uniformity and to equality with that.of the 
junction. When this condition prevails, the junction tempera- 
ture approaches that of the gas, since there can be no appreciable 
heat interchange by radiation. 

It will be apparent that much time and care are required in the 
use of such a laboratory standard instrument. After it had been 
used for the careful calibration of several silver-shielded chromel- 
alumel junctions, it became evident that a more convenient 
standard could be devised by making use of a junction with a 
pressed shield, 

Secondary Standard. This instrument consists simply of a 
silver-shielded junction mounted centrally within two coaxial, 
unheated tubes, as shown in Fig. 6. The inner silver tube is 6 in. 
long X 1 in. OD X 0.04 in. thick, and the outer Inconel tube 
is 7in. long X 2in. OD X 0.04 in. thick. The shielded junction 
can be inserted and removed without disturbing the tubes. Junc- 
tions peened into the silver indicate the temperature of the inner 
shield. 
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4 
latter was used exclusively, because of its greater convenience. 

Calibration of Junctions With Pressed Shields. These junction i | 
known from previous calibrations (6). The actual temperatur 4 | 
of any junction is determined by measuring its emf with a semi. I 
precision potentiometer, applying the correction thereto for the! 
calibration of the wire, and reading the temperature correspond 
ing to this corrected emf from a standard table (7). 

During a calibration experiment, various junctions are located 
in the test section as shown in Fig. 7. Those at locations 1, 2, and 
3 are silver-shielded junctions used for control purposes. The 
junction to be calibrated is used at location 4, the calibration beingyy 
accomplished by a substitution method using the secondary stand 
ard with a silver-shielded junction made of the same wire as the 
test junction. The procedure is as follows: With the test junc-+ 
tion at location 4, a measurement is made. The secondary stand— 
ard is then substituted for the test junction, and a second meas 
urement is made at identical operating conditions, as indicated by) 
the junctions at locations 1, 2,and 3. Thus one run of each pai 
gives the temperature attained by the test junction, and the} 
second gives the true temperature of the gas at the same location|¥ 
and under identical conditions. The difference thus observed isi 
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the temperature drop due to radiation from the test junction. 
Errors which might otherwise arise from conduction along the 
wires and from wire calibration are avoided completely by this 
method. Runs of this type were made for both silver and 
platinum-shielded chromel-alumel junctions over the following 
ranges: Wall temperatures, 700 to 1400 deg F; gas tempera- 
tures, 1000 to 1500 F; and gas flows, 1.5 to 7 lb per sec ft?. 

Silver-Shielded Junctions. The results obtained for silver- 
shielded junctions are presented graphically in Fig. 8. To 
illustrate the use of this figure, assume that a silver-shielded 
junction in a gas stream indicates 1379 F, when the wall tem- 
perature is 1165 F, and the gas flow is 3.8 lb per sec ft?. From the 
point on the base line corresponding to 1379 F, proceed vertically 
to the curve which would correspond to a wall temperature of 
1165 deg F. This involves interpolation between the curves for 
1100 and 1200 F. Then proceed horizontally to the right until 
the flow line representing G = 3.8 is reached. From this point, 
proceed vertically downward to the base line, where the correc- 
tion, amounting to 4 deg F, can be read. 

It is believed that the corrections for radiation loss determined 
from Fig. 8 will be in error by less than +2 deg F, when the cor- 
rection is less than 10 deg F, and by less than '/; of the correction 
when the latter exceeds 10 deg F. It is emphasized that the cor- 
rections are applicable to silver-shielded junctions of the size and 
shape specified., Small changes in dimensions are probably un- 
important, but large changes would involve changes in the value 
of convection coefficient, and hence also in the corrections. 

Although it has been found that silver-shielded junctions may 
be used in gas streams having uniform temperatures up to 1700 F, 
the large variations which usually exist at the turbine inlet make 
it inadvisable to use silver shields when the average temperature 
is thought to exceed about 1500 F, since local temperatures may 


at times exceed the melting point of silver. ° 
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Silver shields which are burnished when new, quickly assume 
a whitish bloom upon exposure to exhaust gas at elevated tem- 
perature. It is probable that this change at the surface takes 
place before a calibration can be made, so that the results in 
Fig. 8 actually apply for this type of surface. At any rate, no 
change in radiation correction has been detected with the length 
or conditions of service. The expected deposition of products of 
incomplete combustion upon the shields has not occurred in the 
test system, and has not been reported in service. 

Gold as a Material for Radiation Shields. Gold has about the 
same emissivity as silver, but melts about 185 deg F higher. 
Therefore gold-shielded chromel-alumel junctions should be use- 
ful in exhaust gas of uniform temperature up to about 1900 deg F, 
or at the turbine inlet in streams with an average temperature 
of about 1700 F. Because the greater cost. of gold does not seem 
to be justified by the small extension of the useful range which it 
provides, and because, even though gold were used, advantage 
could not be taken of the full useful range of base-metal thermo- 
couples, no attempts have been made to calibrate gold-shielded 
junctions. 

Platinum-Shielded Junctions. Platinum, with a melting point 
of 3225 F, is more than adequate from this standpvuint as a shield 
for the common base-metal thermoelements. As a shielding ma- 
terial it has at least two disadvantages over silver and gold, 
namely, its emissivity is about 0.18, or approximately 3.5 times 
as high; the well-known ability of platinum to catalyze reactions 
must not be overlooked. The first of these means merely that the 
radiation correction, under given operating conditions, will be 
about 3.5 times that for silver. Even so, the correction for a 
platinum-shielded junction is only about 1/; that for a bare junc- 
tion. Bees. Bw 

It was considered desirable, in the course of the present 
work, to investigate the possibility that heat developed by sur- 
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face reaction would change the temperature of a platinum- 
shielded junction. 

These studies consisted of direct comparisons of silver- and 
platinum-shielded junctions in exhaust gases of various com- 
positions and temperatures. During these comparisons the radia~ 
tion correction for both junctions was reduced to zero by making 
the temperature of the gas and of the walls identical. This could 
be accomplished in the apparatus, Fig. 1, by running gas at 
1500 deg F through the well-lagged test section until the wall tem- 
perature reached a value previously selected, then quickly reduc- 
ing the gas temperature to this same value by reducing the fuel 
rate. 

The composition of the gas passing over the test junctions was 
varied by adding metered quantities of hydrogen or of propane 
far enough downstream from the burner so that the excess fuel did 
not ignite. Samples of the gases passing through the test section 
were withdrawn through a water-cooled sampling tube and 
analyzed in a mass spectrograph. 

Briefly summarized, these tests showed that at relatively low 
gas temperatures, the platinum-shielded junctions reached a 
steady-state temperature more than 25 deg F above the gas tem- 
perature. This difference increased with the percentage of either 
hydrogen or propane, and decreased as the gas temperature was 
raised. Slightly below 1200 deg F, the difference in temperature 
indicated by the two test junctions became zero, regardless of the 
amount of raw fuel added, and it remained zero at temperatures up 
to 1400 deg F, which was the highest wall temperature that could 
be maintained. It is not expected that surface reactions will have 
a significant effect upon the temperature attained by a platinum- 
shielded junction above 1200 deg F, but this will be checked ex- 
perimentally when new test equipment becomes available. 

Itis concluded that platinum-shielded chromel-alumel junctions 
may be used in the range 1200 to 2000 deg F without fear of error 
from surface reactions. Radiation corrections for such junctions 
were determined by direct comparison withsilver-shieldedjunctions 
in the range of gas temperatures from 1200 to 1500 deg F, and over 
the ranges of wall temperatures and flows mentioned previously. 
The correction for a platinum-shielded junction can be obtained 
by getting the correction for a silver-shielded junction from Fig. 
8, then multiplying this value by 3.5. 

Comparison of Radiation Corrections for Various Pyrometers. 
Fig. 9 presents a comparison of the radiation corrections for five 
difference instruments at a mass flow rate of 6 lb per sec ft? and a 
temperature difference of 200 deg F between the gas and the walls. 


RATES OF RESPONSE OF THERMOCOUPLES 


If a thermocouple is to be used for control purposes, such as to 
limit the gas temperature at the turbine inlet to a safe value, it 
must respond rapidly to sudden changes in temperature but need 
not indicate the true temperature of the gas. The rate of re- 
sponse of a thermocouple is usually expressed as its characteristic 
time 7, which may be defined as the time in seconds required to 
undergo 63 per cent of the change in temperature to which it is 
subjected instantaneously. This definition comes from the equa- 
tion 

AT = (Tf, —T) 1 ee [3] 


expressing the increase A7’, in the temperature of the junction 
with time ¢, when the temperature of the gas in which it is im- 
mersed is increased instantaneously from 7; to 72. Furthermore 


in which C; is the heat capacity of the junction, and the other 
quantities have the meanings assigned previously. 
It will be noted that the characteristic time of a given junction 
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varies with the coefficient of heat transfer by convection, and | 
hence with the rate of gas flow. 

Various types of thermocouples have been subjected to sudden | 
changes of temperature in the apparatus shown in Fig. 10. The } 
direct emf of the test junction is chopped, amplified, and recorded |} 
on a direct-inking oscillograph, typical records being reproduced ] 
in Fig. 11. Some of the results are summarized in Table 2. 


TABLE 2 Che Ce TIMES OF THERMOCOUPLES IN 


XHAUST GAS 
Elovwrate, Ib perxseo ft®.. <0. sess essere acini eme alain 2.2 4.2 6.8 
: Shield 
: ; Wire thickness Time, see-—— 
Type of junction gage in, } 
Silver-shielded Ch-Al...... 29 0.020 3.1 2.2 1.8 
Silver-shielded Ch-Al...... 22 0.014 . 4 1.6 
Silver-shielded Ch-Al...... 22 0.008 re me 1.1 
Silver-shielded Ch-Al 22 0.005 on ove 1.0 
araCh-Al:. So... << 18 23h 2.2 1.6 1.2 
Bare CheAlns siccntanivin ae ee 22 1.3 1.0 0.8 
Bare CheAlonc. setae eae 28 0.54 0.41 0.34 
Bare Ch-Al. cutee soe ie 36 0.17 0.12 0.10 
Bare. Ch-Kniwc. s vleniec baaels 40 0.11 0.08 0.07 
Bare Chelins cosas once eee 44 0.07 0.05 0,04 


Not even the bare junctions which are sturdy enough to with- 
stand operating conditions, i.e., those made of wire at least as 
heavy as No. 22 gage, respond quickly enough for some control 
applications. For this reason, certain combinations of junctions 
which respond more rapidly than single junctions have been in- 
vestigated. 

One possible way of obtaining a greater change in emf in a 
given time is to use a multijunction thermocouple of the type { 
illustrated in the insert of Fig. 12. Junctions a, b, and c are close 
together, so that all are at essentially the same temperature 
during steady-state operation. At all times the resultant emf 
(Z,,) of this unit is the sum of the individual values E,, Ey, and 
E., proper account being taken of polarity. Thus for the system _ 
shown, E,, = E, + E,—E,  Whenall junctions are at the same 
temperature, Z,, = FE, = E,, and the steady-state emf of the unit 
approaches that of a single junction at the same temperature. 

It can be shown that the resultant temperature change AT’ 
indicated by the multijunction when subjected to an actual 
temperature change AT is 


ATS AT» =i]— e—t/ta =. e—t/t + e~*/te CBeoece [5] 
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Fig. 12 is a plot of A7’,,,/ AT» against time, for an assumed 
constant value of AZ’) and for the following assumed values of r: 
For all curves t, = 7 = 1. For curves A, B, C, and D, 7, = 

Oo 1, 2, 3, and 4, respectively. Curve A is identical with that for a 
SCALE-3 =| single junction, and it can be seen that the time required to reach 
the line marked 63 per cent decreases as 7¢ is increased, i.e., as the 


cg Junctions TO SUDDEN ree : 
pee a iy eee ag ahah pr lag in junction c becomes greater. 
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On the basis of this theory the three types of multijunctions 
illustrated in Fig. 13 were constructed and tested. In type A the 
lag of the intermediate junction was increased by using heavier 
wire for this junction. In types B and C, one and two inter- 
mediate junctions, respectively, are embedded in alundum cement 
which provides the thermal lagging. The results obtained with 
these units confirm the theoretical values indicated in Fig. 12, 
namely, that the response time of the multijunctions is approxi- 
mately one half that for a bare single junction made of the same 
wire. 
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SUMMARY 


In gas turbines, the gases are normally much hotter than the 
surrounding walls, so that radiation from a thermocouple in the 
gas stream to the walls may cause considerable error in observed 
values of gas temperature. Effective radiation shielding of the 
measuring junction can be accomplished by pressing a small 
tubular shield of silver, gold, or platinum directly on an oxidized 
junction of base-metal thermoelements. The construction, 
calibration, and performance of junctions with pressed shields 
are described, and the results to date of service tests in gas tur- 
bines are discussed. Experimental results on the rate of response 
of various junctions to sudden changes in temperature, and means 
for increasing this rate, are presented. 
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Discussion 


Fiorence F. Buckianp.? Equation [8] of this paper gives the 
rate.of response of the thermocouple. It might be helpful to pur- 


3 General Engineering and Consulting Laboratory, General Elec- 
tric Company, Schenectady, N. Y. Mem. ASME. 
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sue the definition of the characteristic time 7 a little further, 


co V 


SpA 
where c is specific heat of the assembly, p is weight density, h is 
surface-heat-transfer coefficient, A is surface area, and V is vol- 
ume. 


For control purposes, it is desirable to make 7 as small as pos-| 
sible. It may be reduced by decreasing ¢, p, or V, or by increasing fj 
hor A. For a solid cylinder of a given material in‘an air stream) 
_ with a known velocity and temperature, the response time is pro- 


portional to the 1.4 power of the radius. However, the assembly 
is not solid, nor is it a cylinder, so there is some leeway in the de- 
sign that might be used to advantage. There is the possibility of 
putting fins on the shield (a watchmaker’s job) or perhaps making 
the shield of 20-mil wire wound tightly about the thermocouples 
so that the area for heat transfer is greater by 7/2 and the weight 
less by 7/4. This arrangement might play havoc with the neces- 
sary mechanical strength, but if it were feasible, the response 
time should be one half as long. 


T. P. Kirxparricx.’ The authors are to be commended for 
their work in developing a very helpful improvement in thermo- 
couples suitably designed for measuring the temperature of hot 
gases traveling at relatively high velocities. - 


The writer has been privileged to collaborate in the first tests of 
silver-shielded thermocouples in the Allis-Chalmers 3500-hp gas | 
turbine at the U. S. Naval Engineering Experiment Station at | 
Annapolis, and in the subsequent application of thermocouples of | 
this type for measurement of the gas temperature in this turbine | 


plant. 


A brief review of the steps leading to the adoption of the silver- | 
shielded thermocouple for this application may be of interest. } 
Conventional shielded-thermocouple designs were rejected after | 
analyses of installation difficulties and the uncertainties regarding | 
their ruggedness in gas streams with velocities in the order of 100 | 
fps, which correspond to mass flows in the order of 12.5 lb per sec- | 


ft?, and temperatures up to 1500 F. Early trials of a completely 


enclosed thermocouple design indicated errors of undesirable | 


magnitudes. 


A protected tip or single-shielded thermocouple design was then | 
developed. This, together with the graphical method for deter- | 
mination of the thermal correction, developed by Dr. Warren M. | 


Rohsenow,® was adopted. 


The first trial of the silver-shielded thermocouple in this tur- | 
One of the four single-shielded — 


bine produced striking results. 
thermocouples in the 1350 deg F inlet-gas duct was replaced by the 
silver-shielded couple. At the time the inner walls of the duct 
were 25 deg F cooler than the gases at the thermocouple locations 
near the center of the duct. The silver-shielded couple indicated 
temperatures approximately 10 degrees hotter than the semi- 
shielded couples. The fuel supply was then abruptly cut off. This 
reduced the gas temperatures below those of the hot walls. The 
silver-shielded couple reflected the expected reversal in radiation 
by indicating lower temperatures than the single-shielded couples. 
Computed radiation corrections applied to the single-shielded 
oa brought the temperatures into agreement within 1 or 2 
eg. 

When the Allis-Chalmers gas turbine was reinstrumented sub- 
sequent to its installation in a new laboratory building, nineteen 
silver-shielded thermocouples were installed for measurement of 
gas temperatures at stations where accurate temperatures were 
of greatest importance to the performance test data. Design de- 


‘U.S. Naval Engineering Experiment Station, Annapolis, Md. 
5 Authors’ Bibliography (1). 
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FLATTEN BEAD 
SILVER TUBE 0.020"x 1/4" x 5/8" 
FLATTENED AFTER ASSEMBLY 
TYPE 347 Cb STABILIZED 
STAINLESS STEEL TUBING 


"PORCELAIN 2 HOLE INSULATOR 
7/32" DIA HOLES 0040" MIN. DIA. 


ALUMEL B&S GAGE 20 WIRE 032" DIA 
CHROMEL B&S GAGE 20 WIRE 032" DIA. 


BU STDS SILVER SHIELDED THERMOCOUPLE 


ig. 14 Bureau or STANDARDS SILVER-SHIELDED THERMOCOUPLE 


uils for these thermocouple assemblies are shown in Fig. 14 of 
his discussion. 

Three couples were equally spaced around a 3-in. circle concen- 
ric with the center of the duct at each station. This was done to 
rovide a better average of the gas temperature and for insurance 
gainst casualty to a couple during a test run. The nineteenth 
ouple was installed in the turbine where space did not permit the 
se of three. 

In the past 10 months, silver-shielded couples have been used 
uring something over 1100 hr of turbine testing. Over 100 hours 
f this testing have been with 1500 F inlet-gas temperatures. 

Test results have indicated a gratifying reduction in the spread 
f data, much of which must be credited to the silver-shielded 
ouples and refinements in calibration developed for us by the 
uthors at the Bureau of Standards. 
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Deterioration of silver shields experienced in this service has 
been due principally to two undesired and abnormal conditions: 


(a) Soot, resulting from incomplete combustion, will tarnish or 
darken the silver and reduce its ability to minimize radiation ef- 
fects. 

(b) Abrasive matter in the gas stream such as silica or metal 


scale tends to honeycomb and darken the leading edges of the 
silver. 


Where such abnormal conditions are not present, the silver 
shields quickly gain a bright granular surface bloom and appear 
to retain their brightness as long as the gas remains clean. 

Cross-sectional microphotographs of silver-shielded thermo- 
couples recently removed from the gas turbine disclose much 
higher rates of intergranular attack on the chromel and alumel 
wires than experienced on similar wires without the silver shields. 
This is particularly true of the alumel wires. 

As far as known at this time this intergranular attack does not 
seriously impair calibrations of the thermocouples until shortly 
before complete failure occurs. It does shorten the useful life of 
the silver-shielded couples, and it is hoped that the authors’ future 
investigations will provide means of minimizing or eliminating 
this tendency. 


AutTHORS’ CLOSURE 


The use of fins on the thermocouple junction, as suggested by 
Mrs. Buckland, has been tried. On small junctions the mechani- 
cal difficulties incident to the use of fins would seem to make the 
scheme impractical, despite the resulting increase in response 
rate of the junction. 

Recent data obtained on silver-shielded chromel-alumel junc- 
tions in both the Allis Chalmers gas turbine at NEES and at the 
NBS have shown that the deterioration of the shielded junctions 
referred to by Mr. Kirkpatrick resulted from sulphur in the fuel. 
With fuels of low sulphur content, no deterioration of the shielded 
junction has been observed. 

The authors are deeply grateful for the co-operation and ‘as- 
sistance of the gas-turbine laboratory, NEES, Annapolis, in pro- 
curing service test results. 
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Progress Report No. 2 on Tool-Chip 
Interface Temperatures | 


By K. J. TRIGGER,’ URBANA, ILL. 


This report is a continuation of Progress Report No. 1 
which was presented in 1947 before the Society. The in- 
vestigation is principally concerned with the effects of cut- 
ing speed upon cutting temperature, chip thickness, and 
ship hardness, when steel at various hardness levels is ma- 
shined with cemented-carbide tools. In most of the tests 
conducted, a steel-cutting grade of carbide tool was used. 
[This type contained tungsten, titanium, and tantalum 
carbides and is referred to as a triple-carbide tool. A 
straight tungsten-carbide tool was used in one series of 
tests in order to compare the performance with that of the 
triple-carbide composition. The cobalt content of each 
grade was normal for the particular type and intended 
cutting service. Details of the tests are given in this paper. 


CuTTING-TEMPERATURE MEASUREMENTS 


HE cutting temperatures of the tests to be discussed in the 
present paper were measured in the same manner as those 
which were reported previously, and they are subject to 

the same interpretation as indicated in Progress Report No. 1 
(1).2. The discussion of the present results must take into account 
some revisions of the cutting temperatures previously reported. In 
he preceding paper it was pointed out that the carbide-tool 
nsert, the carbide contact rod, and the carbide calibration bar 
must all be of the same chemical composition. If this condition 
sxists, the temperature-millivolt relationship established in 
salibrating the steel-carbide thermocouple applies in the deter- 


of the same grade but not of the same composition. Therefore 
the millivolts “generated” at the tool-chip interface could not 
be converted, accurately, to temperatures by use of a steel- 
carbide calibration curve when the calibration bar was different, 
chemically, from the carbide insert. (When the carbide materials 
were obtained, it was understood that they were from the same lot 
of carbide mixtures. ) 

During the entire course of this investigation, many calibration 
tests have been conducted and the variation in the temperature- 
emf relationship may be observed by a study of Table 1. The 
chemical composition of any given grade of cemented carbide 
is probably controlled within reasonably close limits, but ap- 
parently, slight changes in chemistry may have a rather large 
effect on the temperature-emf relationship. Furthermore, it is 
conceivable that the method of pressing (hot versus cold) may 
have a significant effect upon the loss of cobalt and thus alter 
the thermoelectric effects of the carbide. 

It may be observed from Table 1 that duplicate carbide samples. 
have the same temperature-millivolt characteristics. Com- 
parison of samples 1 and 2, or 5 and 6, when corrected to the 
same calibration reference temperature, indicate virtually iden- 
tical emf for a given temperature. On the other hand, samples 
2 and 3, for example, show from 1 to 11/. mv difference for the 
same temperature even though of the same grade and manu- 
facture. Comparison of samples 2 and 5 reveals about 13/; to 
2 mv difference at the same temperature. These samples are of 
the same type of carbide but of different manufacture. Some 


TABLE 1 TEMPERATURE-MILLIVOLT RELATIONSHIPS OF VARIOUS CEMENTED CAR- 
BIDES WITH MILL-ANNEALED NE9445 STEEL 


Reference- 
junction REC Sa ES 

Carbide Manu- temperature, ———_——- ivolts at— ——~ 
sample facturer Carbide type deg F 1000 F 1200 F 1300F 1400 F 

1 . A Triple carbide 61 11.70 13.84 14.91 16.00 
a Duplicates A Triple carbide 672 11.60 13.74 14.82 15.92 
3 A Triple carbide 75 10.62 12.57 13.54 14.55 
4b A Triple carbide 74 11.03 13.07 14.10 15.16 
Z B Triple carbide 68 9.91 11.78 12.78 13.78 

é} Eoecats B Tripleloarbide 75¢ 9.84" 41.7% 112/70 13/69 
7 A Tungsten carbide 67 12.80 15.44 16.70 18.10 
8 B Tungsten carbide 66 14,12 16.95 18.30 19.65 


@ To correct to same reference temperature as sample No. 1 add 0.09 mv. 


6 From calibration test in Report No. 1 (1). 


¢ To correct to same reference temperature as sample No. 5 add 0.07 mv.» 


nination of temperatures from the tool-chip millivolt data. 
Sonversely, if the calibration bar and carbide insert were not 
shemically alike any temperatures so determined were potentially 


n error. 
Subsequent to the presentation of Report No. 1, it was estab- 
ished that the carbide calibration bar and carbide insert were 


1 Professor, Department of Mechanical Engineering, University of 
llindis. Mem. ASME. Wee 

2 Numbers in parentheses refer to the Bibliography at the end of 
he paper. . 

Contributed by the Research Committee on Metal Cutting Data 
nd Bibliography and the Production Engineering Division and 
resented at the Semi-Annual Meeting, Milwaukee, Wis., May 30— 
lune 5, 1948, of Taz AMERICAN SOCIETY OF MrEcHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
inderstood as individual expressions of their authors and not those 


f£the Society. Paper No. 48—SA-51. 


variations in chemistry are undoubtedly present. A similar 
trend is noticed in samples 7 and 8, which also reveal the marked 
difference between the temperature-millivolt relationship of 
tungsten carbide as compared with the triple-carbide compo- 
sition. 

In order to appreciate the significance of the difference in 
chemistry, consider a case in which the carbide tool insert con- 
sisted of sample 2, Table 1. During cutting an indicated 13.74 
my generated at the tool-chip interface would correspond to a 
cutting temperature of 1200 F. If, however, the calibration bar 
were of different composition, e.g., sample 3, this 13.74 mv 
would be equivalent to about 1320 F. The error, 120 F, is 
due to the difference between samples 2 and 3 which, while of the 
same grade and manufacture, are of considerably different tem- 
perature-emf characteristics. 
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As a consequence of these observations, all of the tests herein 
reported are based upon the use of carbide inserts, contact rods, 
and calibration bars which were not only made from the same 
lot of carbide mix but which were al] cold-pressed and all sintered 
’ alike. Therefore any error due to chemical variation should 
be at an irreducible minimum. 

An assumption in Report No. 1 must also be modified. Based 
upon one preliminary test it was assumed that the heat-treated 
condition of the steel member had little effect upon the calibra- 
tion curve. The magnitude of difference reported previously 
was about.0.10.mv for a calibration with the steel in the annealed 
state as compared with the steel quenched and tempered to 1050 
F. Duplicate subsequent calibrations with the new carbides 
have indicated that the difference is somewhat greater, about 
0.25 mv, for the heat-treated steel and that it becomes progres- 
sively greater as the tempering temperature is lowered to 950 F 
and 850 F. Accordingly, this report takes into consideration the 
effect of heat-treatment upon the temperature-emf relationships. 
Some of the cutting speed-cutting temperature tests previously 
reported have been repeated, and some new tests are included 
in this report. 

In Fig. 1 are shown the various calibration curves of the triple 
carbide-steel thermocouple for the different bheat-treatments of 
the steel member. In each calibration a new steel member was 
prepared and heat-treated as indicated. Check calibrations 
were conducted in most instances and the curves were, if possible, 
based upon the same reference-junction temperature. It is 
apparent that the heat-treatment of the steel does have a sig- 
nificant effect upon the temperature-millivolt relationship, par- 
ticularly in the tempering range of 850 F to 950 F. The curves 
in Fig. 1 were used to determine the cutting temperatures for all 
tests in which the triple carbide was used. The millivolt data 
obtained during a cutting test (at the existing cold-junction tem- 
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-was finished with a 400-grit diamond hone and was set on the 
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perature) were corrected to the reference-junction temperature 
of the calibration curve by use of the appropriate curve at the 
right of Fig. 1. 

Fig. 2 compares the temperature-millivolt relationship of the 
triple carbide with the tungsten-carbide composition. The 
steel member was in the same condition in each test. The much 
greater emf of the tungsten carbide-steel couple is obvious. At 
1200 F the difference is in excess of 5 mv. Curve 2, Fig. 2, was 
used to determine cutting. temperatures in those tests involving 
the tungsten-carbide tool. 


Test PROCEDURE 


The general method of testing was the same as that heretofore 
used. The feed was held constant at 0.01 in. per revolution; 
the depth of cut was 0.100 in. and the tool shape was held con- 
stant with the specifications as follows: Back rake, 0 deg; side 
rake, 4 deg; end relief, 7 deg; side relief, 7 deg; end cutting- 
edge angle, 8 deg; side-cutting-edge angle, 0 deg; and nose 
radius */sin. The setting angle was 90 deg in all tests; the tool 


center line, of the workpiece. All tests were conducted without 
coolant. The test stock consisted of NE9445 mill-annealed to: 
183 Bhn and quenched and tempered at 850 F, 950 F, and 1050 
F to 401, 352, and 311 Bhn, respectively. The test logs were 
3 to 5 in. diam, and 1!/, to 2 ft long. During the tests, chips 
were collected from each run and measurements of chip thickness. 
and hardness were obtained. | 


ReEsutts or Tests 


Cutting Speed-Cutting Temperature Tests. The results of the 
cutting speed-cutting temperature tests are shown in Tables 2, 
3, and 4, and the relationships are plotted on logarithmic co- 
ordinates in Figs. 3 and 4. 
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TABLE 2 CUTTING SPEED-CUTTING TEMPERATURE RESULTS; VARIABLE HARDNESS 


Steel: NE9445. 

Tool: Triple carbide. 0-4-7-7-8-0-3/e. 

Feed: 0.01 in. per rev. Depth of cut: 0.100in. Cut: Dry 
Quenched and Tempered at 


———-Mill annealed 183 Bhn ————————1050 F to 311 Bhn 
a Cold-junction temperature, 75 -F————— — Cold-junction temperature, 80 F 
Cutting Chip Cutting Chip 
Cutting temper- thick- Cutting temper- thick- 
speed, Corrected ature, ness, speed, Corrected ature, ness, 
sfpm mv2 deg F in. sfpm mv deg F in, 
101 10.19 1030 0.044 55 10.16 1003 0.041 
118 10..49 1061 0.041 64 10.42 1030 0.037 
140 10.92 1105 0.039 76 10.80 1070 0.034 
164 11.14 1128 0.037 901/2 11.20 1110 0.031 
189 11.63 1180 0.035 104 11.41 1131 0.028 
227 12.02 1218 0.032 124 11.74 1165 0.025 
263 12.36 1255 0.030 147 12.12 1203 0.023 
312 12.84 1304 0.029 170 12.42 1233 0.022 
365 13.24 1345 0.028 200 12.88 1282 0.021 
413 13.70 1393 0.027 237 13.29 1324 0.020 
498 14,22 1445 0.026 272 13.72 1367 0.019 
EYAL 14.25 1422 0.018 


2 Millivolt readings corrected to calibration reference-junction temperature. 


TABLE 3 CUTTING SPEED CUTTING TEMPERATURE RESULTS; VARIABLE HARDNESS 


Steel: NE9445. 
Tool: Triplecarbide. 0-4-7-7-8-0-3/s. . 
Feed: 0.01 in. perrev. Depth of cut: 0.100in. Cut: Dry. 


Quenched and tempered at 2. Quenched and tempered at Lia 
‘. 950 F to 352 Bhn i‘: 850 F to 401 Bhn : 
— Cold-junction temperature, 69 F— -———~-Cold-junction temperature, 78 F———-—Y- 
Cutting Chip . Cutting Chip 
Cutting temper- thick- Cutting temper- thick- 
speed, Corrected ature ness, speed, Corrected ature ness, 
sfpm mv deg F in. sfpm deg F , deg F in. 
43 10.13 970 0.036 37 10.16 957 0.034 
50 10.49 1006 0.032 44 10.71 1012 0.029 
59 10.82 1040 0.030 52 11.07 1050 0.027 
71 11.15 1072 0.028 61 11.42 1085 0.025 
83 11.52 1110 0.026 73 11.82 1126 0.023 
97 11.81 1138 0.024 86 12.07 1150 0.021 
114 12.19 1177 0.022 100 12.40 1183 0.020 
137 12.59 1216 0.021 118 12.75 1218 0.019 
157 12.95 1253 0.020 142 13.14 1258 0.018 
185 13.40 1297 0.019 163 13.49 1294 0.017 
0.018 192 13.96 1341 0.016 
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TABLE 4 CUTTING SPEED-CUTTING TEMPERATURE RESULTS 


Steel: NE9445 mill-annealed 183 Bhn 
Tool: Tungsten carbide. 0-4-7-7-8-0-8/er 
Feed: 0.0lin. perrev. Depth of cut: 0.100in. Cut: Dry 
Cold-junction temperature 76 F 
Cutting Chip 
Cutting speed, Corrected temperature, thickness, 
sfpm mv eg in. 
101 12.28 868 0.043 
118 14.18 1004 0.043 
140 14.72 1041 0.042 
164 15.00 1062 0.039 
189 15.51 1098 0.036 - 
227 16.04 1135 0.033 
263 16.74 1185 0.0382 
312 17.25 1223 0,031 
365 18.09 1284 0.030 
413 18.74 1330 0.030 
498 19.32 1372 0.030 
118 13.50 955 ats 
Ws 13.96 987 : 


In Fig. 3 the type of carbide, tool shape, depth of cut, and feed 
are held constant, and the hardness of the steel is varied. The 
cutting speed-cutting temperature relationships are all straight 
lines on logarithmic co-ordinates and are of the form T = CV". 
The equations of the various lines are as follows: 


Hardness 
Bhn Equation 
183 T = 387 Vo212 
311 T = 459 Vo.195 
352 T = 466 Vo." 
401 T = 499 Vo-1ss 


These relationships are of the same form as those previously 
reported though the constants are appreciably lower and the 
exponents slightly different (0.001 to 0.006). 

An increase in the hardness results in a higher cutting tem- 
perature at any selected cutting speed. Considering only the 
quenched and tempered steels, it is seen that at a selected cutting 
temperature, 1200 F, for example, the cutting speed decreases 
linearly with an increase in the hardness. This is shown in the 
lower curve of Fig. 5. If the curve were extended to include the 
annealed steel, the straight-line relationship does not hold. 
However, it appears reasonable that extrapolation to some 
quenched and tempered hardness level, say 250 Bhn, is justified 
since the structure is of the same kind, namely, tempered mar- 
tensite, whereas the annealed structure consisted of fine sphe- 
roidized carbides in ferrite. In view of the chemical difference 
in the carbide materials previously used and the unwarranted 
assumption in Report No. 1, Figs. 3 and 5 are submitted as the 
revised effect of hardness upon the cutting speed-cutting tem- 
perature relationship. 
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Fig. 4 compares the cutting speed-cutting temperature relation-_ 
ship for annealed N9445 when cut with two types of carbide | 


tools. 
lower curve is for the tungsten-carbide composition. 


The upper curve is for the triple carbide tool and the | 
The 


triple carbide was a standard steel-cutting grade while the tung- | 


sten carbide was primarily intended for cast iron, aluminum, | 


magnesium, and all materials other than steel. 
The equations of the straight-line portions of the curves are 


T = 387 V°-*2 and 7 = 333 V°-229 for the triple-carbide tool and | 


tungsten-carbide tool, respectively. 


Evidently, lower tempera-_ 


tures result with the tungsten-carbide tool, though there were. 
some characteristics of the chip which may have caused the — 


difference. 
of the curve for the tungsten-carbide tool. 


Consider the lower speed range and dotted portion — 
It may be noted © 


that the cutting temperature for the 101-sfpm test is nearly 100 | 
F below the straight-line portion of the curve if the latter were ; 


extended, and also that for the 118-sfpm test there are three 


points which constitute quite a spread in cutting temperature. — 


Fig. 6 is a macrograph of the three chips, representing the three 
points for the 118-sfpm test. The chip on the left has most of the 
separating surface torn or scuffed, indicating the presence of a 
large built-up edge on the tool, and it is consequently a type-3 
chip as classified by Ernst (2). The center chip is the result of 
& succeeding test, and is partially clear although there is still 
evidence of appreciable gouging and scuffing due to the built-up 
edge. The right chip, from a still Jater test, is about two-thirds 
clear although gouging due to a built-up edge is evident. 

These tests were made in succession, each one of the usual 


duration, about 10 sec, and each successive millivolt reading was 3 
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igher. The variation in the millivolt reading has previously 
een attributed to the effect of the built-up edge which is to 
emove some of the many parallel thermocouples from the 
ource of heat and also perhaps to introduce a new thermocouple. 
t is thought that the difference in the adhesive nature of the tool 
urface may be the cause of the observed variation. The “nas- 
ent’”’ surface of the freshly ground tool may have a higher ad- 
esive nature than a surface very slightly oxidized by the cutting 
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temperature. A similar effect has been observed in the triple- 
carbide tools where the cutting temperature is usually a little 
lower after a high-speed test than it was prior to the formation 
of a slightly discolored tool surface. In these observations with 
triple-carbide tools no variable due to cratering was apparent. 

Fig. 7 shows a series of chips using a tungsten-carbide tool on 
annealed NH9445 and depicts the gradual clearing up of the 
separating surface of the chip as the cutting speed is increased. 
The chip gradually changes from type 3 to type 2. It was 
observed that by the time the chip cleared up (385 fpm in Fig. 
7), the tool had begun to crater and would have failed upon 
further. usage. Evidently the duration of tool-chip contact 
has an important bearing upon the tendency to adhesion of the 
chip and the tool. 

Fig. 8 shows a series of chips using a triple-carbide tool on the 
anneaJed steel. It is seen that, at all speeds shown, the chip 
may be classified as type 2, there being no significant built-up 
edge on the tool. 

A comparison of Figs. 7 and 8 reveals sharp contrast in the 
tendency of the chip to adhere to each type of tool. The adhesion 
temperature (temperature of incipient welding of chip and tool) 
is dependent upon the steel hardness and upon the composition 
of the carbide. Since, in this comparison the steel hardness is the 
same, the difference lies in the tool. W. Dawihl (8) cites a 
difference of about 275 F in the adhesion temperature of 
a tungsten-carbide tool, as compared to one containing both 
titanium and tungsten carbides when each was tested against a 
steel of about 85,000 psi (170 Bhn). The lower adhesion tem- 
perature, or greater adhesive tendency, of the tungsten-carbide 
composition accounts for the formation of a built-up edge over a 
widespread range. That the built-up edge eventually disappears 
must be attributed to the extremely short time of contact and 
also to the decreased friction on the tool surface. Even though 
the cutting temperatures are lower with tungsten carbide, the 
tool life is impaired by the tendency of the chip to adhere to the 
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tool, and, upon subsequent removal, break out some of the tool 
material. ‘ 

Fig. 4 also points out a possible basic fault of the two-tool ther- 
mocouple. At a speed of 150 sfpm, for example, the cutting 
temperature of the triple carbide is 70 F higher than that of 
the tungsten carbide. 

If two different tool materials were used as members of a two- 
tool thermocouple and such a temperature difference prevailed, the 
so-called “law of intermediate metals’ (4) is violated. Com- 
binations such as high-speed steel and cemented carbide do not 
appear feasible since the usable speed ranges do not overlap 
appreciably. If triple-carbide tools are used at very Jow speeds 
on annealed steel, chips of the type shown in Fig. 7 result and, 
as a consequence, the millivolt readings are lowered unduly. 
Similarly, when high-speed steel is used as a tool, the separating 
surface of the chip is generally quite rough within the usable 
speed range of the tool. This may be attributed to the low 
adhesion temperature of high-speed steel (8). However, if the 
two tools were both of the same grade of carbide, but of different 
compositions, as illustrated by samples 2 and 5, Table 1, the two- 
tool thermocouple should function satisfactorily. 

Chip-Thickness Results. Chip-thickness measurements were 
made with micrometer calipers using care to select a straight 
section of the chip. An average of five readings taken at random 
was made on the chips from each test in which the triple-carbide 
tool was used. Chip-thickness measurements made in the 
manner described represent the thickness to the peaks of the 
stepped exterior surface of the chip and are therefore slightly 
greater than the mean chip thicknesses. Samples of chip from 
two tests, 95 sfpm and 465 sfpm, were mounted in lucite and 
examined in section longitudinally. A number of areas were 
measured, using a microscope with a filar micrometer eyepiece, 
and it was found that the mean chip thickness was about 91 
per cent of maximum chip thickness in each of these tests. The 
readings taken with the micrometer calipers were readily re- 
producible, and they are used in Fig. 9 as the chip-thickness 
values. 
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Fig. 9 shows the effect of cutting speed upon chip thickness | 
for annealed and heat-treated NE9445 steel. It is noted that the | 
chip thickness decreases quite rapidly (in fact, as a power 
function) as the cutting speed is increased from the minimum 
value and then at a slower rate as the speed is further increased. 
Eventually, a condition obtains in which the chip thickness is 
almost independent of cutting speed. At a constant cutting 
speed, the chip thickness of the heat-treated steel is much less 
than that of the annealed steel. Considering only the heat- 
treated steels, it is apparent that the chip thickness bears approxi- 
mately an inverse relationship to the Brinell hardness of the 
workpiece. This is well illustrated in the middle curve in Fig. 
5 which shows the effect of hardness upon the chip thickness at a 
cutting speed corresponding to a cutting temperature of 1200 F. 

While the cutting conditions herein used cannot be con- 
sidered as meeting the requirements for orthogonal cutting, as 
specified by M. E. Merchant in his papers (5, 6, 7), it is of interest 
to apply some of Merchant’s relationships to the results of these 
chip-thickness measurements. In these tests the chip width, 
where measured, was about !/; in. (varied from approximately 
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0.118 to 0.133, depending upon the steel hardness and cutting 
Speed), an accurate measurement. being impossible due to the 
sawtooth edge. Hence the chip was not of the same width before 
and after removal and therefore the following shear angles are 
based upon the chip-thickness ratio 7, as defined by Merchant (6), 
and it is the ratio of t,, the thickness of the “uncut” chip (feed) 
to f, the mean chip thickness after removal (91 per cent of 
measured thickness). The diameter of the stock was 5 in. (the 
back rake of the tool was 0 deg and the side rake, 4 deg; the true 
rake angle a is then practically 4 deg). Using Merchant’s 
equation 


the shear angle ¢ may be approximated (to the degree to which 
the cutting conditions approximate orthogonal cutting). 

If the foregoing equation for the shear angle were applied to 
the heat-treated steels, it was found that the shear angle increased 
with an increase in cutting speed, and also that the shear angle 
became greater as the hardness of the steel was increased. The 
effects of steel hardness are indicated in Table 5 which compares 
the steels at constant cutting speed and Table 6 in which the 
cutting temperature is 1200 F. 


TABLE 5 EFFECTS OF STEEL HARDNESS AT CONSTANT 
CUTTING SPEED, 150 SFPM 


Steel condition Tt ? 


Annealed 183 Blin’ were icles 0.292 16° 33’ 
Heat-treated 311 Bhn........... 0.484 26° 28’ 
Heat-treated 352 Bhn........... 0.549 29° 38’ 
Heat-treated 401 Bhn........... 0.632 Baron 


TABLE 6 EFFECTS OF STEEL HARDNESS; CUTTING SPEED 
FOR 1200 F CUTTING TEMPERATURE 


Steel condition Tt C) 


Annesiled J83 Bhnt.. sos... snes 0.33 18° 36” 
Heat-treated 311 Bhn........... 0.467 25° aoe 
Heat-treated 352 Bhn........... 0.511 272 50” 
Heat-treated 401 Bhn........... 0.566 30° 25 


According to Merchant (7) the influence of temperature, rate of 
shear, and shearing strain upon the shear angle are all secondary 
as compared to the effect of compressive stress upon shear 
strength. If the chip thickness is compared at a cutting speed 
for a fixed cutting temperature, under which condition the 
velocity of chip travel is nearly constant, at about 45 fpm, 
the variables mentioned are still further reduced. Thus the 
change in shear angle, Table 6, or chip thickness, Fig. 5, as the 
hardness is increased may be due to a, difference in the effect 
of compressive stress upon shear strength as well as the change 
in shear strength. 

It has been observed (3) that the propensity to adhesion de- 
ereases with an increase in the strength and hardness of the steel 
being cut. The resultant decrease in the friction of the chip 
on the tool surface causes an increase in the shear angle ¢. It is 
also concluded that the chip friction decreases with increased 
cutting speed perhaps because of greater plasticity of the chip 
surface. These latter effects appear to account for the observed 
trends in chip thickness. 


Curp-HarpNness TEST 


Samples of the chips from each test with the triple-carbide 
tool were used for the study of chip hardness at or near the 
separating suface of the chip. Three sections of chip /2 in. to 
3/, in. long were chosen at random and mounted in bakelite in a 
metallographic specimen mounting press. The separating surface 
of the chip was left exposed in the process, and this surface was 
then hand-ground on 2/0 paper, rough-polished with N o. 500 
ilicon-carbide grain, and finished with levigated alumina on a 
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broadcloth wheel. Due to slight irregularities in the chip surface, 
the polishing operations left some areas of the chip surface in the 
“as-cut”’ condition. 

The chip hardness was measured with a Tukon? tester. The 
indenter consisted of a square-base diamond pyramid having an 
apex angle of 136 deg, which was forced into the chip by a load 
of 2kg. The hardness so measured’is expressed as the diamond- 
pyramid hardness (dph) and is numerically slightly greater than 
the equivalent standard Brinell number. 

The 2-kg load was chosen in order that the hardness reading 
could be superficial yet have a large enough indentation to facili- 
tate accurate measurement. The greatest depth of indenter 
penetration in any chip occurred. in the annealed steel cut at 
545 sfpm. In this test the average diagonal of the indenter 
impression was 0.105 mm which corresponded to an indentation 
of 0.015 mm, or approximately 0.0006 in. Since the chip thick- 
ness was 0.026 in., it is evident that there was no possibility of 
the indenter breaking through the chip. The diamond-pyramid 
hardness test is sensitive to slight variations and some deviation 
in the readings should be expected. 

During some preliminary studies of chip hardness, a number 
of hardness surveys were made across the separating surface of 
several chips. These tests revealed a total variation of about 
30 hardness numbers or a deviation of 15 from the mean. The 
preliminary tests also included random measurements of chip 
hardness on the separating surface and the opposite, or exterior, 
surface of the chip. Table 7 summarizes the results of such tests. 


TABLE 7 CHIP-HARDNESS DATA; (1 KG LOAD) 
(All cuts at 0.100 in. depth and 0.01 in. per revolution feed) 


Cutting 
speed, -—Diamond-pyramid hardness (average)— 
sfpm Workpiece condition Separatingsurface Opposite surface 
40 Heat-treated 352 Bhn 502 502 
208 Annealed 183 Bhn 351 349 
390 Annealed 183 Bhn 333 338 
Nore: 


The over-all variation was approximately +10 hardness numbers. 


A few tests were faken directly on the unpolished portions of 
the separating surface. Such tests indicated very little difference 
between the hardness at that location and the hardness on a 
polished area (of the order of 0.0002-0.0003 in.) slightly removed 
from the separating surface. 

For the chip-hardness values in this paper, a minimum of ten 
hardness readings were taken at random on the three sections of 
chip (which were selected at random from each test) and the 
diamond-pyramid hardness is reported as the arithmetic aver- 
age of these readings. 

Fig. 10 shows the effect of cutting speed upon the chip hard- 
ness of the agnealed and heat-treated NE9445 steel. The hardness 
of the uncut stock is shown by points on the zero cutting-speed 
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line. It is noted that check tests on two of the steels show a 
spread of the points. Several check tests were conducted with 
the surface repolished, in an attempt to evaluate the effect of re- 
polishing on the hardness. In some tests the check values were a 
little higher (10 points) while in others they were somewhat 
lower. It is possible that there is some effect due to polishing 
per se. It may be that the hardness of the chip changes some- 
what as the test area approaches a position equidistant from the 
two surfaces. Further te$ts are necessary, however. In order 
to represent the chip-hardness picture properly, the hardness 
lines in Fig. 10 should be considered as being the mean of a 
hardness band about 20 diamond-pyramid numbers in width, 

Fig. 10 shows clearly the effect of cutting speed upon the chip 
hardness. The general trend of the curves is reminiscent of the 
relationship between chip thickness and cutting speed. As the 
cutting speed is increased, the chip hardness apparently attains 
a minimum value, after which it becomes virtually independent of 
speed. 

An increase in cutting speed should decrease the chip hardness. 
This is due largely to a combination of effects: (a) A higher rate 
of heat generation, ie., higher chip temperature; and (0) less 
time for heat loss so that more heat is available to promote re- 
covery and/or recrystallization of the cold-worked chip material. 
This so-called adiabatic effect is very noticeable at the end of a 
high-speed (700 to 800 fpm) cutting test. As the feed is dis- 
engaged, the backlash of the feed mechanism causes a final thin 
chip, which, at high speed, becomes so hot that it ignites and 
burns. The heat generation is so rapid that the time for loss is 
nil. This coupled with the low thermal capacity of the thin 
chip causes the latter to be heated to ignition temperature. 

Metallographic examination of a section of a chip from the 
annealed steel cut at 95 sfpm (1010 F) revealed no signs of re- 
crystallization. The original spheroidized structure was clearly 
evident. A section of chip cut at 465 sfpm (1430 F) indicated 
recrystallization at both surfaces of the chip. It is concluded 
therefore that the chip hardness should decrease with speed, 
up to some limit, when it thereafter is substantially constant 
since the recrystallization temperature of the steel has been 
attained. . 

Considering the data in Table 7, apparently the two surfaces of 
the chip attain essentially the same temperature during the cut- 
ting operation as judged by the hardness after cold-working. 

The chip hardness exceeds that of the workpiece because of the 
work-hardening due to the plastic deformation. Obviously, 
the greater the work-hardening capacity of the steel, the greater 
is the increase due to cold-working. Therefore the greatest in- 
erement of hardness should occur in the annealed_steel. Con- 
versely, a quenched and tempered steel is of lower Work-harden- 
ing capacity, and the increase due to cold-working is much less. 
This is illustrated in Table 8. 


TABLE 8 MAXIMUM AND MINIMUM CHIP HARDNESS 
7——-Diamond-pyramid hardness (average) -—— 


Steel condition Uncut Maximum Increase Minimum Increase 
Annealed 183 Bhn..... 194 407 213 337 143 
Heat-treated 311 Bhn.. 327 511 184 419 92 
Heat-treated 352 Bhn.. 362 556 194 445 83 
Heat-treated 401 Bhn.. 415 584 169 458 43 


The maximum and minimum values of the chip hardness bear 
an interesting relationship to the hardness of the uncut stock. 

From Fig. 10 and Table 8 it is evident that an increase in the 
hardness of the workpiece results in a higher hardness of the chip 
surface. The maximum work-hardening effect is of the order of 
213 dph numbers, and it occurred with the softest (annealed) 
stock. The hardest stock revealed the least increase in hardness 
at low cutting speeds. 

The various hardness minima are greater than the uncut hard- 
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ness, the range being from 43 to 143 dph numbers with the greater 
difference again occurring in the softest workpiece. 

If the chip hardness of the heat-treated steels is compared at a. 
selected cutting temperature, 1200 F, it is noted that the relation- 
ship is’a linear one, i.e., the diamond-pyramid hardness of the) 
separating surface of the chip is a linear function of the Brinell 
hardness of the uncut stock at a cutting temperature of 1200 F. 
This is shown by the upper curve in Fig. 5. 

Contemplated future tests will extend the heat-treated hard- | 
ness range to a minimum of about 225 Bhn. 


CoNCLUSIONS 


1 All carbide materials in the tool-work thermocouple, as | 


herein applied, must be made from the same lot of carbide mixture 


and by the same method of manufacture. 


2 The heat-treatment of the steel member of a carbide-steel 
thermocouple has a definite effect upon the temperature-emf re- | 
| 


lationship. 


3 Lower cutting temperatures obtain with tungsten-carbide | 


. 


tools than with triple-carbide compositions. 


4 Tungsten-carbide tools exhibit a greater tendency to adhe- 


sion of the chip and the tool, resulting in a rough chip surface. 


5 The roughness of the chip surface affects the millivolt read- | 


ing in the tool-work thermocouple. 


6 Within the limits of this investigation the cutting speed for 
a selected cutting temperature decreases linearly as the hardness | 


of the heat-treated workpiece is increased. 


7 Within limits the chip thickness decreases with increase in 
cutting speed. An increase in workpiece hardness results in de- | 


creased chip thickness. 


8 Within limits the chip hardness decreases with increase in | 
cutting speed. An increase in workpiece hardness results in in- 


creased chip hardness. 


9 The increase in chip hardness due to cold-working becomes | 


less as the hardness of the workpiece is increased. 
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Discussion 


O. W. Bosron.! The present paper is an appropriate follow-up 
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of the author's previous report and shows the results of a great 
deal of painstaking work. He is to be commended on his efforts. 
In work carried out on the same subject, the writer found that 
the specific materials used as cutting tools had to be used in the 
ealibration tests. The tools were of high-speed steel, which may 
vccount for this variation. The author’s experiments show less 
variation between different pieces of sintered carbide of the same 
type, even from different manufacturers, than the writer experi- 
anced with the high-speed steel tools. It is of further interest that 
the sintered tungsten-carbide tools gave practically the identical 
results to those of the triple-carbide type. This of course would 
be expected, but it is always of interest and value to have these 
points proved. ‘ 

In the writer’s early tests, it was found that as long as the tool 
tself was insulated from the toolholder, a second lead taken from 
any part of the lathe to the potentiometer was satisfactory. 

It is interesting to see the relationship between the cutting 
speed and the interface temperature for the NE9445 steel at three 
juenched and tempered hardnesses of different values and one 
nill-annealed hardness. This definitely confirms the previous 
work on the relationship between cutting speed and tool life for 
ulloy steels of corresponding hardnesses. It might be expected, 
10wever, that the slope of the cutting temperature-cutting speed 
ine for the mill-annealed steel in Fig. 3 of the paper, might be of 
nother slope, as was found in the case of tool-life data. This is 
srought out in the author’s discussion of Fig. 3 in which equa- 
ions for all four lines are given. The slope of the lines for the 
steels quenched and tempered averages 0.195, while that for the 
innealed steel is 0.212—somewhat higher. These equations are of 
nterest and should probably be correlated with the Brinell hard- 
1ess. It would also be interesting to see if the same equations for 
teels of other analyses would follow these same laws. — It is be- 
ieved that they would in a general way be similar but not equiva- 
ent. 

The writer has also found that chips from a given steel are not 
ways alike when cut at the same speed and other cutting condi- 
ions, as shown by the author in his Fig. 6. This is one of the 
easons why it has been difficult to accept the idea that machina- 
lity can be represented by chip ratio and other similar bases. 
t is for this reason that the writer has prepared a list of some 18 
lifferent methods which have been used to evaluate machinabil- 
by, and it is proposed to secure some 30 or 40 steels and alloys of 
opper, aluminum, and magnesium so that all of these 18 tests can 
e run on each of the samples by a number of investigators in their 
wn laboratories to learn the possibility of such correlations. 
(0 many times the work of one experimenter cannot be compared 
irectly with that of another because of different conditions used 
1 the test or because of different types of tests, and it is believed 
hat this lack of co-ordination has led to erroneous conclusions. 

The writer is in general agreement with the author’s conclu- 
ions. It is hoped that this work can be extended to other ma- 
srials with a view of proving that the conclusions arrived at on 
ne analyses apply also to materials of other analyses. Further, 
. would be most helpful to have a short test based upon cutting 
smperatures developed as a means of evaluating the machina- 
ility of any given material. This work is definitely in that direc- 


on. 


M. E. Mercuant.® The author’s careful studies on tool-chip 
‘terface temperatures are adding much to the fundamental 
nowledge of the metal-cutting process. Such studies as the 
resent one are greatly needed, and we wish to congratulate the 
ithor on the excellent work presented here. It is a pleasure also 
y know that the author plans to continue these studies. 


5 Senior Research Physicist, The Cincinnati Milling Machine 
ompany, Cincinnati, Ohio. 
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The first point which the writer would like to discuss is the mat- 
ter of the lower temperature and greater tendency to chip adhe- 
sion observed when cutting with tungsten-carbide tools as com- 
pared to triple-carbide tools. Greater tendency to chip adhesion, 
in general, indicates higher friction between chip and tool. It has . 
been the writer’s experience that lowered tool-chip interface tem- 
perature is a ‘cause’ of higher chip friction. The two go hand in 
hand. The question then arises as to the reason for the lower tem- 
perature in the case of the tungsten-carbide tool. Although the 
writer does not have exact data at hand, it is his understanding 
that the heat conductivity of the tungsten-carbide composition is 
slightly greater than that of the triple-carbide composition. This 
greater heat conductivity should be the cause of the observed 
lower tool-chip interface temperature which in turn should cause 
the greater tendency to chip adhesion found with the tungsten- 
carbide tool. 

. The author’s measurements of chip thickness are quite inter- 
esting, and the method used appears to give reasonably good re- 
sults. However, the technique would be rather tedious if applied 
to a variety of different cutting conditions with different metals 
and tools, since the multiplier used to obtain average chip thick- 
ness from maximum chip thickness (0.91 in the present case) will 
vary with these changing conditions. The writer believes that 
a quicker and more accurate technique is the ‘chip weight’’ 
method.® In this method a short section of chip is weighed and its 
length accurately measured. The mean chip thickness can then 
be calculated from the weight per unit length. 

The author’s use of the chip-thickness values to calculate val- 
ues of shear angle seems quite justifiable. The conditions of 
cutting which he used are a fair approximation to orthogonal cut- 
ting, and therefore the use of the equations for orthogonal cutting 
should result in values which represent a good approximation. 
As relative values they should be particularly reliable. However, 
even the absolute values of shear angle obtained by the author 
appear to agree well with values obtained by the writer’ under 
true orthogonal conditions on a similar steel. The author reports 
that the shear angle increases with increasing cutting speed and 
also with increasing hardness of the work material. This agrees 
with the writer’s experience. We would, however, offer a simpler 
explanation than that given by the author for these trends. The 
shear angle is to a first approximation a very simple function of 
three variables,’ namely 


C—rt+ea 
eRe A RA A cha {1] 
2 
where 
@ = shear angle 
a = rake angle of tool 
7 = friction angle, a direct measure of coefficient of friction be- 
tween chip and tool 
C = machining constant, directly related to plastic properties of 


workpiece 


The principal reason for the increase in shear angle with increas- 
ing cutting speed is that the coefficient of friction between chip 
and tool decreases (i.e., the angle r decreases) with increasing 
speed. Thus tlte shear angle should rise, in accordance with 
Equation [1]. The major reason for the increase in shear angle 
with increasing hardness of the workpiece is no doubt the higher 
value of machining constant C usually characteristic of the plastic 
properties of quenched and tempered steels, which should of 


6 ““New Methods of Analysis of Metal Cutting Processes,” by M. E. 
Merchant and N. Zlatin, Proceedings of the Society for Experi- 
mental Stress Analysis, vol. 3, no. 2, 1946, pp. 4-19. 

7 Refer to the author’s Bibliography, item (6). 

8 Refer to the author’s Bibliography, item (7). 
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course also make the shear angle rise in accordance with Equation 
one chip-hardness measurements made by the author present 
an interesting study. The writer has found that these hardness 

_ values can be explained quite rationally in terms of the data ob- 
tained from the chip-thickness measurements together with a 
knowledge of the tempering temperatures of the heat-treated 
steels. It has been shown by Zlatin and Merchant® that the 
amount of hardening of a chip by the deformation occurring in 
the process of chip formation is a direct function of the shearing 
strain undergone by the metal in that process of deformation. 
This shearing strain is a function of the shear angle @ and the 
rake angle of « and is given by the equation 


e = cot d + tan (6 — Q)....-- seen [2] 


where 
¢ = plastic shearing strain undergone by chip metal, . 
It was found in this earlier study that the amount by which the 
chip is increased in hardness above the hardness of the parent 
workpiece is a linear function of the shearing strain. Shearing- 
strain values have been calculated from the chip-thickness data 
presented by the author and it has been found that, in the case of 
the annealed sample of NE9445 steel at least, a similar linear rela- 
tionship exists. This is shown in Fig. 11 of this discussion. In 
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this figure the hardness increases for the chips obtained at all the 
different cutting speeds and from all four different heat-treatments 
of the NE9445 steel are plotted as a function of shearing strain 
values calculated from Equation [2]. While the linear relation- 
ship holds throughout for the annealed sample, it is evident that 
there is a departure from the linear trend in the case of the 
quenched and tempered (unstable) samples. This, however, can 
be attributed to the annealing or tempering of the chips from these 
unstable steels by high chip temperatures. 

Values of the tool-chip interface temperatures observed for the 
highest and the lowest cutting speeds used on each steel have been 
written opposite the corresponding plotted points in Fig. 11. It 
can be seen that, in general, where these temperatures are below or 
only slightly above the tempering temperature for the given sam- 
ple, the plotted points lie on the lower full straight line passing 
through the axis. However, where these temperatures considera- 
bly exceed the tempering temperature, the plotted points fall be- 
low this curve. Thus it may be assumed that the chips removed 


® “Distribution of Hardness in Chips and Machined Surfaces,”’ 
by N. Zlatin and M. E. Merchant, Trans., ASME, vol. 69, 1947, 
annual bound volume only; also, Iron Age, vol. 159, May 22, 
1947, pp. 69-75. 
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from the quenched and tempered samples are all hardened by th 
initial deformation to a value corresponding to the full straight 
line, but that where the final chip temperature exceeds the tem- 
pering temperature, the chips quickly soften, dropping to final 
hardness values corresponding to the dotted annealing curves 
shown in the figure. The reason for the lower slope of the full 
straight line representing the hardening in the case of the: 
quenched and tempered samples as compared to the line for the 
annealed sample in Fig. 11, is due to the lesser strain hardenability | 
of the quenched and tempered samples. | 
It was found in the previous study that the slopes of these lines 
are greater the greater the strain-hardenability of the metal. Ap- | 
parently all three quenched and témpered samples have approxi- I 
mately equal strain-hardenability of a fairly low value while the | 
strain-hardenability of the annealed sample is appreciably greater. | 
We would like to suggest that the author make Meyer strain-hard- | | 
enability measurements on these steels to check these points. i 


AUTHOR’S CLOSURE 


The author is grateful to Professor Boston and to Dr. Merchant | 
tor their kind remarks and for the pertinent contributions to the | 
subject matter of this paper. | 

Professor Boston has brought up a number of interesting points | 
for consideration. 

The principal reasons for insulating both leads of the tool-work | 
thermocouple were to avoid the possibility of parasitic emfs, and. 
to facilitate the detection of short circuits caused by chip frag- 
ments which may have been lodged in the tool post. In one | 
series of tests under constant cutting conditions, the second lead 
was attached alternately to the brush and to the tailstock of the 
lathe. Under specific cutting conditions, the millivolt readings 
averaged 13.12, when the lead was attached to the brush, as 
against 12.94 with the lead attached to the tailstovck. While this | 
difference is not great, it may be eliminated readily by the use of a | 
brush made from a section of the workpiece. A further benefit | 
in favor of the insulated brush is that the circuit was more sensi- 
tive. When the lead was attached to the brush the potentiom- | 
eter could be balanced in about one third of the time required | 
when the lead was attached to the lathe. Presumably parallel | 
electrical paths cause the sluggishness. In some of the early tests | 


emf of nearly 0.5 mv magnitude. This lathe is not used now for | 
the cutting-temperature tests. 

The effect of steel hardness upon the slope of the cutting speed- | 
cutting temperature relationship is, essentially, as has been | 
pointed out by Professor Boston, that is, the exponent is greater 
for an annealed steel than for one in the quenched and tempered 
condition. Some tests performed subsequent to the presentation 
of the paper under discussion have indicated that NE9445 
quenched and tempered to 283 Bhn had an exponent of 0.189, of 
the same order as that for the quenched and tempered steels re- 
ported upon, whereas two samples of annealed NE8640, 173 and 
178 Bhn had exponents of approximately 0.22. All tests to date 
indicate that the curves are steeper for the annealed steels than 
they are for the quenched and tempered steels. The evidence 
points to a possible correlation of slope to Brinell hardness, al- 
though a greater variety of steels need to be tested before such a 
correlation is attempted. 

A vast majority of the tests reported in this paper and its prede- 
cessor have been conducted on bars from the same heat of 
NE9445 steel. Such a procedure has been followed in order to 
eliminate the variable of chemical composition, until the cutting 
speed-cutting temperature relationship had been definitely estab- 
lished. A few tests with NE8640 and NE8640 sulphite-treated 


steels have confirmed the general cutting speed-cutting tempera~- 
ture relationship. 
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: Recently, some tests have been conducted on cold-drawn low- the carbide. 
carbon seamless tubing of 194 Bhn, having an approximate 
outside diameter of 77/s in. and wall thickness of 0.1 in. In such 
tests only the side cutting edge was active and +ife cutting speed- 
Cutting temperature relationship was the usual straight line on 
logarithmic co-ordinates. In a specific test at 0.01 in. per revolu- 
tion feed, the equation was 7 = 288 V°.244. A number of tests This is at variance with the general observation that a higher 
. have been conducted to evaluate the effect of feed over anapproxi- _ coefficient of friction is associated with greater tendency to ad- 
‘mate range from 0.0025 to 0.0147 in. per revolution. In each hesion of the chip and tool. Dawihl!! reports the various weld- 
instance the equation of the line follows the general law T = CV” ing-on temperatures of different grades of cemented carbide 
_and from the tests the relationship of feed to cutting temperature against steel. The tests were conducted by butting samples of 
‘has been developed into the general law T = kf™. steel and cemented carbide, at a contact pressure of some 4200 
| This phase of the work is treated more completely elsewhere!” psi and heating them in a hydrogen atmosphere. In this way the 
and need not be repeated here. All tests with steel have resulted temperature of incipient welding was obtained under conditions 
‘in the same general cutting speed-cutting temperature relation- of thermal equilibrium. Dawihl’s tests have significance, but it 
ship, the constant and exponent of which depend upon the steel, is well to remember that they were conducted under static con- 
its hardness, and the cutting conditions. Future tests are to be ° ditions whereas in actual cutting large relative velocities often 
conducted on aluminum and other nonferrous alloys as well as obtain. 
some additional steels. Equation [1] of Dr. Merchant’s discussion is convenient for the 
__ Professor Boston’s plan for correlation of the various methods estimation of the shear angle ¢ although no attempt has been 
to evaluate machinability should go a long way toward a better made to apply the equation in the analysis of these data. Dr. 
understanding of machinability and metal cutting. One of the Merchant’s excellent analysis has been of tremendous help in the 
objectives of this study is to develop, if possible, a short test for understanding of the basic mechanics of the metal-cutting process 
evaluation of machinability by cutting-temperature relationships. and of the plasticity conditions during cutting. However, it 
It may be that the chip hardness must also be considered in con- appears that his Equation [1] is subject to certain limitations. 
junction with tool-chip interface temperature. It does not seem that the machining constant C is always a con- 
Dr. Merchant has raised some interesting aspects of the prob- stant. Rather it is dependent upon the rate of shear and de- 
lem relating to the lower cutting temperatures and greater tend- _ finitely upon temperature, especially in the range of recovery and 
ency to adhesion when the tungsten-carbide tool was used. The  recrystallization. Dr. Merchant recognizes these limitations in 
two grades of carbide used for the cutting tests shown in Fig. 4 his papers,!2 and undoubtedly he has given a great deal of 
of the paper were reported by -the manufacturer as having the thought to possible methods of attack on the difficult problems 
following approximate thermal conductivities: 0.100 and 0.190 involved. 
cal/deg C/cm?/cem/sec for the triple carbide and tungsten car- Barrett!’ has discussed the effect of temperature upon strain- 
bide, respectively. This difference in conductivity is a probable hardening and has shown the effect of various testing tempera- 
cause of much of the observed difference in cutting tempera- tures on the strain-hardening characteristics of aluminum and 
ture. magnesium crystals. The curves reveal that strain-hardening is 
Undoubtedly, the temperature at the tool-chip interface has an pronounced at about 65 F (18 C) and of minor magnitude at 575 
important bearing upon the tendency of the chip to adhere to the F (300 C). Since recrystallization may occur well below this 
tool. This may be observed at the beginning or end of a cutting temperature (depending upon the magnitude of the shearing 
test in which the conditions of the cut are such that a type 2 chip _ strain) the amount of strain-hardening becomes nil at elevated 
is obtained during the test. Due to backlash in the feed mecha- temperatures. The curves further reveal that shearing rate has a 
nism, both the initial and final portions of the chip are obtained _ significant effect upon the magnitude of strain-hardening when at 
under the equivalent of a fine feed. This fine feed resultsin lower elevated temperatures, but that the effect is minor at lower test- 
cutting temperatures (see a foregoing part of this closure), and ing temperatures. Steel chips may reach recrystallization tem- 
the separating surface of both the beginning and the end of the _ peratures during cutting and, as a consequence, a machining con- 
chip are roughened owing to the presence of a built-up edge on the —_ stant which was evaluated at room temperature should probably 
tool. Since the cutting speed is essentially unchanged, the de- be modified. This presents a challenging problem. 
crease of cutting temperature is the probable cause of the greater With reference to Fig. 11 of Dr. Merchant’s discussion, it 
tendency to adhesion of the chip and the tool. This however, is appears reasonable to conclude that the divergence from the 
not the only factor involved. If the separating surface of the chip straight-line relationship of the plastic shearing strain to per cent 
from a tungsten-carbide tool is compared to that from a triple- increase in hardness is caused by further tempering of the 
carbide tool at the same tool-chip interface temperature, it isseen quenched and tempered steels. Since the test logs were tempered 
that the chip from the tungsten-carbide tool is still rough whereas for 5 hr, they should be structurally stable up to the respective 
the chip using the triple carbide is smooth on the separating tempering temperatures. Cutting temperatures significantly 
surface. greater than the tempering temperature would provide further 
As a case in point, compare the chip surface of the tungsten- tempering action and thereby cause softening of the chip. From 
carbide series, Fig. 7, at 211 sfpm with that of the triple-carbide Fig. 11 it may be noted that the greater divergence is associated 
group, Fig. 8, at 153 fpm. (The cutting temperature is essen- with the lower tempering temperatures, an observation in accord 
tially the same, 1130F.) Itis apparent that there is a considera- with the foregoing reasoning. 


The presence of a built-up edge on the tool has 
always accompanied a lower indicated tool-chip interface temper- 
ature. This is also a factor in the lower-cutting temperatures ob- 
tained with tungsten-carbide tools. 

The manufacturers report a higher coefficient of friction for the 
triple-carbide grade, particularly at the lower cutting speeds. 


ble difference in the “welding-on” tendency of the chip and tool The strain hardenability as shown by the Meyer analysis" has 
even though the cutting temperatures are equal. The tendency ; ie 
i ; haracteristic of the composition of 11 Bibliography of paper, reference (3). 
ee rh lien borne 12 Bibliography of paper, reference (7). 
10 Discussion of ‘‘Distribution of Heat Generated in Drilling,” by 13 “Structure of Metals,” by C. Barrett, McGraw-Hill Book 
A. O. Schmidt and J. R. Roubik, preprint No. 48—SA-10, presented Company, Ine., New York, N. Y., 1943, pp. 300-301. ee 
* the Semi-Annual Meeting, Milwaukee, Wis., May 30-June 5, 14“The Hardness of Metals and Its Measurement,’”’ by Hug 


1948, of Tan American Society or MucHanicalL ENGINEERS. O’Neill, Chapman and Hall, London, England, 1934. 
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been conducted using an 1/s-in. steel ball under loads of 45, 60, 
100, and 150 kg, respectively. While various observers obtained 
somewhat different results, the values of the Meyer exponent n 
were 2.25 for the annealed steels, and 2.14 to 2.18 for the quenched 
and tempered steels. 


The author is of the opinion that the strain hardenability as de- 
termined by a Meyer analysis at 70 F may not be directly applica- 
ble at temperatures where recovery or recrystallization may 
occur. Apparatus. is being constructed which will permit the 
measurement of strain hardenability at elevated temperatures. _ 


This paper presents the requirements for automatic 
control of a turbojet engine in order to meet the needs of 
military aviation and to realize the full operational per- 
formance of the engine. The author describes how these 
requirements were established, and outlines the recom- 
mended approach to the design of an optimum engine 
power control. 


INTRODUCTION 


nn ROM the military pilot’s standpoint, a single cockpit con- 
trol lever should be all that is required to operate the turbo- 
jet engine over its full range of thrust, along a line of opti- 
mum practical economy, and within its safe limitations for tur- 
bine speed (rpm), temperature, and burner operation. More- 
over, the control-lever sensitivity must be such that predeter- 
mined thrust settings may be selected without difficulty. 

In order to retain the operational simplicity of single-lever 
power control of the engine in the face of increasing stringent 
operating requirements for the turbojet engine, it has become 
necessary for the turbojet-engine manufacturers to expend a 
major part of their development effort toward perfection of au- 
tomatic engine-control elements. During the early develop- 
ment of the turbojet engine, it was reasonable to expect that 
greater emphasis would be placed on the design of the basic en- 
gine than upon the controls, because it was considered that 
simple manual controls would be adequate; however, since it has 
been generally realized that control performance has lagged basic 
engine development, a concentrated effort has been made to pro- 
vide automatic engine controls which permit the full range of 
engine performance to be realized without detracting the military 
pilot’s attention from his primary combat duties. As this auto- 
matic-control development has progressed, flight experience has 
dictated more and more stringent operating requirements as 
represented by closer speed regulation, faster acceleration, and 
increased service life. These requirements have been combined 
to make this development a difficult one, particularly as it has 
been desired that these improvements be incorporated promptly 
into engines already in operation in the field and in those coming 
off the production line. 

The primary object of this paper is to acquaint the control 
designer with the general requirements for control of turbojet 
engines so that he can better anticipate the problems which will 
arise while developing controls for specific turbojet applications. 
Although the information presented is basic in nature, it is pre- 
supposed that the reader is generally familiar with the funda- 
mental principles of jet propulsion and the functional arrange- 
nents of turbojet-engine components. For those less familiar 
with the major components of the turbojet engine, a recommended 
eference is a paper by A. H. Redding.’ 

1 Section Engineer, Engine Auxiliaries, Aviation Gas Turbine En- 
rineering Department, Westinghouse Electric Corporation. Mem. 


(SME. , . 
2 “Current Problems in Developing Major Components for Avia- 
ion Gas Turbines,” by A. H. Redding, Aeronautical Engineering Re- 
tew, vol. 5, December, 1946, pp. 30-35 and 91. 
Contributed by the Aviation Division and presented at the Avia- 
ion Conference, Dayton, Ohio, September 20-21, 1948, of Tux 
\ 1cAn Society oF MECHANICAL ENGINEERS. 
wee Statements and opinions advanced in papers are to be 
nderstood as individual expressions of their authors, and not those of 
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Automatic Control of Turbojet Engines 


By C. S. CODY,! LESTER, PA. 


Fur. ContRous 


The thrust output of a fixed-area jet engine is a direct function 
of fuel flow. Therefore all devices for controlling thrust, by one 
means or another, must regulate engine fuel. As engine fuel 
requirements are affected by variations in pressure altitude, 
flight velocity, and ambient temperature, there must be some 
practical means for maintaining the selected percentage of availa- 
ble thrust for these changing conditions. Thus if the fuel to the 
engine is regulated only by the manual positioning of a variable 
fuel-metering orifice, or “throttle valve,” it would be necessary 
to reposition the throttle lever after every change in the engine 
load in order to maintain the thrust setting. 

An early solution to this problem was a scheduling means 
which consisted of providing an aneroid-operated fuel by-pass 
valve for use in conjunction with the manual throttle valve. 
Such a valve, usually known as the “Barostat,” responds to 
changes in total air pressure at the inlet to the engine to by-pass 
all fuel pumped in excess of actual engine requirements for any 
given flight condition. This fuel valve, controlled by the aneroid 
element, is profiled to a definite fuel schedule which is applicable 
to only one basic engine-fuel-requirement curve for a fixed ex- 
haust-nozzle jet area. Scheduled controls of this sort can estab- 
lish only an approximate relationship between engine fuel-flow 
and flight conditions, and therefore do not hold the selected 
thrust settings over full range of throttle movement under chang- 
ing flight conditions. 

In order to overcome the limitations of scheduling, it is neces- 
sary to utilize some control parameter which is a function of the 
engine fuel requirements and which lends itself to simple and 
positive measuring means. The only parameter which fulfills 
this need is engine rpm. Engine control to maintain constant 
rpm provides the maximum thrust available for all flight con- 
ditions at the maximum allowable engine rpm, and at the same 
time holds a constant percentage of the thrust available for all 
partial throttle settings over the full range of flight conditions. 

This direct measurement is then used to regulate the fuel flow to 
the engine to maintain the rpm at a constant selected value. 
Such a control means is the speed-responsive governor, well 
known for its innumerable applications on steam turbines, air- 
craft propellers, and reciprocating engines of all types. 

Among the numerous speed-sensing governor elements, suitable 
for turbojet-engine application, are the following: 


1 The centrifugal flyweight, measuring speed by radial dis- 
placement of rotating masses. 

2 The positive-displacement pump, measuring speed as a 
linear function of pump volumetric output or a function of pump 
pressure. ; 

3 The direct-current generator measuring speed in terms of 
output voltage. 

4 The alternator, measuring speed in terms of alternating- 


current electrical frequency. 


The speed measurements, or output signals, from any of these 
governing elements are usually applied either directly, or through 
suitable hydraulic or electrical amplification, to position @ varia- 
ble fuel-metering orifice or to vary the output of a variable- 
volume fuel-metering pump. In order to select a new governed 
engine speed, a signal in opposition to the speed measurement is 
introduced into the governing means by the pilot’s control lever. 
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For example, let us consider an engine governor of the simplest, 
centrifugal flyweight type. Assuming that the flyweights, ro- 
tating at some function of engine speed, are directly linked to the 
main fuel-metering orifice, as the rpm increases, the weights are 
displaced outwardly, and the fuel-metering orifice is made 
smaller, Conversely, as the rpm decreases, the weights are dis- 
placed inwardly and the metering orifice becomes larger. The 
centrifugal action displacing the weights outward is opposed by a 
spring, known as the ‘‘speeder spring,” and the force exerted by 
this spring is established by the position of the pilot’s throttle 
through suitable linkages, cams, etc. When the spring force Is 
just sufficient to balance the rotating weights, the governor is 
said to be “‘on speed,” and the engine is operating at a constant 
rpm. Should the load on the engine start to decrease, such as 
during a climb to a higher altitude, the engine will be receiving 
fuel in excess of its requirements for the selected rpm, and there- 
fore the engine rpm will begin to increase above the selected 
value. However, the governor will sense this increase in rpm and 
will move to close off the fuel-metering orifice until the rpm is re- 
duced. 

It is an unfortunate characteristic of all simple speed-respon- 
sive governors, consisting of only those basic elements so far dis- 
cussed, that with a change of engine load calling for a reduced 
fuel supply, the governor is unable to maintain exactly the origi- 
nalrpm setting. This fact is made apparent when one remembers 
that there is a definite position of the metering orifice for each 
position of the flyweights; thus when a change in engine load 
takes place it is necessary for the weights to be displaced a cer- 
tain amount in order to alter the fuel supply, and the weights 
can retain their new position only at a changed engine speed. 
For the simple uncompensated governor, which has just been 
considered, a reduction of engine load necessitates that the 
weights displace outwardly until they are just balanced by the new 
spring force created by the resultant compression of the 
speeder spring. The engine speed at which this new balance 
point is achieved will be somewhat higher than the desired speed 
originally selected by the pilot’s throttle, and this increment of 
governed speed increase, resulting from the engine-load change, 
is commonly known as “governor droop.” Referring to Fig. 1, 
the sloping vertical lines are the governing-control curves and 
indicate this droop characteristic. 

At this point it should be emphasized that, although governor 
droop is very undesirable from a constant-speed standpoint, all 
governors require some stabilizing influence such as droop in one 
form or another, and that, in general, the greater the droop the 
greater is the tendency toward stability. It is obvious that if 
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the control curves were absolutely vertical (representing zero 
droop), there would be no set fuel flow for the selected rpm and 
consequently the rpm could not be held by the governor. Hence 
stability is obtained by controlling transient changes along the | 
dotted sloping control lines, as shown in Fig. 1. As the slope of | 
these curves, in general, represents excessive speed change with | 
load, it is necessary to reset these control lines, as soon as stable 
conditions are reached, into.a resulting control curve having ac- |f 
ceptable droop characteristics. As the sloping control lines are | | 
effective only during a transient condition, the governor is said 
to have “temporary droop.” As soon as stable conditions are 
reached, the governor controls along the reset steeper curve with |f 
“permanent droop.” 

The importance of the permanent-droop characteristic of the | 
governor cannot be overemphasized from an operating stand- | 
point, for it controls the variation in the set speed of the engine. 
This allowable variation in maximum (military) rpm is ‘limited | 
closely by the basic engine design. A drop off in military rpm 
is even more closely limited, as it represents a drop off in thrust 
which reduces the military performance of the aircraft. 

The problem of compensating for governor droop, in order to | 
provide acceptable speed governing, may be approached in vari- | 
ous ways. In the illustration of the simple uncompensated fly- | 
ball governor used in the foregoing, it will be recalled that the | 
speed droop resulted from the inability of the weights to displace | 
outward sufficiently to reduce completely the fuel flow to the new 
lower engine requirements. It will be further recalled that it was 
the increased compression of the speeder spring which prevented 
the weights from realizing the full displacement required to main- 
tain constant rpm. This suggests the possibility of reducing 
permanent droop by reducing the initial speeder-spring compres- 
sion in proportion to the reduction in engine load. This has been 
accomplished in some fuel-control governors by opposing the 
speed-sensing element by two separate speeder springs, the com- 
pression of the main speeder spring being accomplished by the 
pilot’s throttle lever, while the compression of the auxiliary 
speeder spring or “reset spring” is varied by means of a piston 
positioned by a pressure which is a function of engine speed. 
Such a proportional pressure may be either engine fuel-nozzle 
manifold pressure, the pressure differential across a Venturi in the 
metered fuel line, or compressor-outlet total pressure. Another 
means of compensating for droop caused by changes in ambient- 
air conditions is to provide a barometric valve in the metered fuel 
line to by-pass a scheduled quantity of fuel just equal to the differ- 
ence in fuel requirements between the fuel provided on the tem- 
porary droop curve and that desired to give the required stabilized 
speed. 

So far in the discussion, all corrective measures outlined to 
compensate for excessive droop are scheduling devices which de- 
pend on their successful operation by determining in advance the 
fuel correction which will be required for various loads and engine 
rpm. As load changes occur with changes in ambient tempera- 
ture, flight speed, flight attitude, and altitude, it is obviously 
nearly impossible to compensate accurately for all these 
variables using scheduling means and still operate the engine 
within acceptable limits. For these reasons, the ultimate objec- 
tive of the control development is to attain true constant-speed or 
“isochronous” governing. 

The isochronous governor senses the set speed directly and 
moves the throttle valve until this speed is reached, at which time 
the error signal becomes zero, and the speed-sensing means is re- 
stored to its original or synchronous-speed position. This type 
of governing employs the same principles as outlined, using the 
sloping temporary droop curve; however, in this case permanent 
droop is zero. The principle advantage of this type of governing 
is that no scheduling of load variables is necessary, and therefore 
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the selected speed may be maintained regardless of load change 
within the accuracy of the apparatus to measure speed. A 
schematic arrangement of such a governor is shown in Fig. 2. 


INCREASE RPM 


FROM 
HYDRAULIC 
PRESSURE 
SOURCE 


TO FUEL 
CONTROL VALVE 


Fie. 2 Scuematic ARRANGEMENT OF IsocHRONOUS FUEL-CONTROL 
GOVERNOR FoR TuRBOJET ENGINE 


SERVO IS LINKED 


SPEED SENSING BY ELECTRICAL MEANS 


_As previously noted, speed sensing may also be accomplished 
2lectrically by a number of means, each having its advantages 
and disadvantages. ‘The first of these types to be considered is 
the direct-current generator which is arranged to have a constant 
field strength. This device provides an excellent means for meas- 
uring the speed of engines which are not subjected to wide ranges 
of pressure altitudes. 

One of the important advantages of this device lies in the hnear 
relation between output voltage and speed. Another advantage 
is that a certain amount of power may be taken from this type of 
ndicator without affecting seriously either the sensitivity or the 
speed of response. 

The two major disadvantages of the direct-current generator 
ure the difficulties in obtaining satisfactory brush operation over 
he entire range of altitudes, and the problem of providing a satis- 
factory voltage reference to use for a speed reference. 

Another device which may be used for measuring speed is the 
o-called “‘drag-cup generator.” This is essentially a two-phase 
nduction motor which is driven ata speed considerably lower 
han its synchronous speed. One of the two phases is excited 
rom a constant-voltage and constant-frequency supply. An 
ternating-current voltage is then induced in the second phase 
vhich is proportional to the speed of the motor. The frequency 
f this voltage is the same as that of the supply voltage. 

The drag-cup generator eliminates the brush difficulties which 
wre encountered with the direct-current generator. There re- 
nains, however, the difficulty of providing a satisfactory voltage 
eference to use as a speed reference. 

The last type of speed-sensing device which will be considered 
n this paper is an alternator which is connected to a frequency 
neter. In so far as the stability of calibration under conditions 
f. varying temperature and pressure is concerned, this appears 
o be the most satisfactory of all the methods for measuring 
peed. Its stability of calibration depends on the quality of the 
lectrical components in the frequency. meter only. A further 
dvantage of this type of circuit is that the frequency meter 
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may be arranged to give a zero signal at the set speed. As the 
result of this, the need for a reference voltage disappears. i 

In general, an alternator and frequency meter heretofore have 
not been satisfactory for aircraft application because of the large 
size and weight of the frequency meter. However, recent de- 
velopments have made available a frequency-measuring circuit 
which is both small and light, and this system therefore offers 
great promise. 

There are many different methods for utilizing the error signal 
produced by the speed-sensing circuit. However, the ultimate 
circuit will give identical control to that discussed under hydraulic 
mechanisms. This consists of the usual proportional temporary 
droop curve which is reset to give isochronous control. 

To produce the proportional droop curve, the main control 
amplifier may be arranged so that its input signal is the difference 
between the error signal and a position-indicating signal from the 
final control element. Thus torque or force is applied to 
the final control element only when its position is different from 
that required by the error signal. 

One accurate method for developing the reset signal requires the 
use of another amplifier and a small actuator. The purpose of 
this actuator is slowly to upset the relation between the final 
control-element position and the position-indicating signal. The 
amplifier is arranged to drive the motor at a rate porportional to 
the error signal and in the direction to reduce the error signa. to 
zero. 

Should an electrical system be selected, the power source must 
be self-contained within the control system as it is not advisable 
to depend upon the power source of the air frame for main-engine 
control operation. Also, in the development of an electrical 
system, due consideration must be given to the high-altitude 
characteristics of the control elements when the circuits are first, 
being considered, in order to avoid the possibility of a complete 
redesign of a suitable sea-level control in order to meet high-alti- 
tude ambient conditions. 

The electrical system has one distinct advantage over its me- 
chanical-hydraulic competitor in that the development time 
should be somewhat shorter, particularly during the trying period 
when adjustments are being made while the control is first tried 
on the engine. In a hydraulic system these adjustments usually 
take the form of remachining new parts of a slightly different, 
characteristic or size. On the other hand, on an electrical con- 
trol, it usually means merely a manual resetting of resistance or 
capacitance. ; 

In the early days of fuel controls, the fuel-control lever was 
generally scheduled so as to realize a linear relationship between 
its movement and engine rotative speed. As shown in Fig. 3, 
this arrangement provides an extremely thrust-sensitive control 
lever at higher values of thrust and, subsequently, low sensitivity 
at low values of thrust. Since, from a flight standpoint, control of 
airplane speed is a direct function of thrust and not rpm, a sched- 
ule of this nature makes it necessary to interconnect the pilot’s 
control lever to the fuel-contro] lever by means of cams and shaft- 
ing in place of a simple bell crank-and-pulley arrangement. 

As a result of experience gained from turbojet-engine installa- 
tions and flight testing, design changes were introduced to incor- 
porate a nearly linear variation of thrust with the control-lever 
position substantially as shown in Fig. 4. This schedule does 
afford one disadvantage in that the control lever is sensitive to 
rpm changes at the low speed, and the establishment of the idle- 
speed setting becomes a problem if any backlash exists in the 
control linkage. The situation is remedied, however, by design- 
ing a flat-spot rpm schedule which permits the control arm to be 
moved a number of degrees at the idle setting without any re- 
sponse in rpm or thrust. Fig. 5 illustrates the optimum throttle- 
lever schedule for turbojet engines. 
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ACCELERATION CONTROLS 


An increase in engine rotative speed is obtained by deliverin 
fuel to the combustion chamber at a rate over and above thi 
steady-state requirement. The magnitude of this increased ra 
is limited primarily by three important factors. These are a 
possible stalling condition encountered in the compressor under 
certain adverse conditions, the limiting temperature that the 
turbine blades and nozzles will withstand, and a combustor “blow- 
out” condition, encountered under certain extremes of altitude. 
All of these elements are present in aviation gas turbines to a 
greater or lesser degree, and continuous effort is being made by 
industry to lessen their effect, in order to improve further the op- 
eration of the engine. 

Stalling of an axial-flow compressor is caused by excessive pres- 
sure ratio either across the entire compressor or across any one 
stage of the compressor. This excessive pressure ratio causes the 
air flow along the blade path to deviate from the designed flow 

2 EP Be cS Be path and further decreases the pumping ability of the blade, which 

PERCENT, stHROe TEE results in a momentary drop in discharge pressure. This in turn 

Uae decreases the compression ratio until the air flow again follows 

Fie. 3 Conrrot-Lever Scuepute or Earvy Turposet-ENGINe +). blade path and builds up the compression ratio sufficiently to 

CaManols repeat the cycle. This condition may occur at frequencies of ap- 

6000 proximately 20 to 36 cycles per sec (eps) and is often accompanied 

by excessive engine vibration. 

Engines are so designed that stalling does not occur under 

5000 steady-state operation. However, high acceleration, by increas- 

ing the back pressure on the compressor temporarily, will cause a 

4000 borderline steady-state operation to stall under extreme accelera- 

tion rates. In actual engine operation compressor stall is avoided | 

on conventionally designed compressors merely by limiting the | 

rate of acceleration. Such a condition is shown by curve A in 

Fig. 6 which illustrates the maximum allowable turbine tempera- || 

tures that can be experienced without stalling a hypothetical 

compressor. Since the temperatures are total values, a change | 

in the ambient conditions will relocate this curve as shown by 
curves B and C. 

Maximum thrust at “military rating” of the engine is obtained 
by operating at the maximum allowable turbine-inlet tempera- 
4 0 ture. The engine design and metallurgical properties of the high- 

fe) 25 50 75 100 temperature materials are such that adequate life of the engine is. 

PERCENT THROTTLE TRAVEL obtained at this temperature. Referring to Fig. 7, the rapid drop- | 
off in engine life which is encountered when military temperature 
is exceeded is clearly shown. As has been pointed out, engine 
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cceleration can be accomplished only by increasing the tempera- 
ure required to maintain steady-state operation. In order not 
o affect engine life adversely, due consideration must be given to 
imiting the temperature rise over maximum steady-state condi- 
ions during accelerations. At the same time, the rate of accel- 
ration must be sufficiently fast to give satisfactory aircraft- 
arrier wave-off operation. This is accomplished by both limit- 
ng the top temperature to a reasonable maximum and making 
he acceleration period short enough so that the blades and 
ozzles do not have an opportunity to reach the actual gas tem- 
erature. 
rea-exhaust jet engines, is approximately 8 to 15 sec from idle to 
ailitary rpm. 

The third factor, combustor blow-out, occurs under the ex- 
remes of altitude operation and is evidenced by an inability to 
naintain a fire in the combustion chamber. This phenomenon is 
ndicated at altitudes approaching the maximum when an accel- 
ration is attempted from a steady-state condition of operation. 
‘he additional fuel suddenly required for acceleration alters the 
ir-fuel ratio in the combustor in a direction to produce flame in- 
tability and blow-out at altitudes lower than the steady-state- 
Ititude limit. Acceleration rates under these conditions must 
e slower than normal to prevent this occurrence. This correc- 
ion must be incorporated into the control until combustion de- 
elopment raises the point at which this occurs to a limit mate- 
ially above the aircraft operational level. 

From a study of these limitations it is evident that the fuel 
ow to the engine during an acceleration must be varied for each 
perating condition, in order to give the fastest acceleration and 
‘ill not infringe upon these engine operational limitations. 

One method of accomplishing this is, of course, the manual 
yethod in which the pilot varies the rate of fuel flow by moving 
he throttle at a rate so as not to exceed an established maximum 
irbine temperature. This leads to an acceleration rate slower 
2an the optimum and also does not iasure against the possibility 
f over-temperaturing by rapid movement of the pilot’s control 
ver during an emergency. 

The method that is now in general usage is the automatic ac- 
sleration control which is an integral part of the automatic fuel- 
mntrol system. Many arrangements embodying this feature 
re being used. 

One method is the rate-of-pressure-rise system which is cor- 
.cted for altitude, in which auxiliary relief valve and accumula- 
wr valve act to control the rate of pressure rise in the fuel control 
uring an acceleration, and thereby control the rate of flow to the 
ymbustion chamber. 

Another method simply incorporates a barometrically con- 
olled auxiliary relief valve which acts to by-pass a certain 
nount of fuel pumped by a positive-displacement pump on a 


In practice, this acceleration period, on typical fixed-_ 
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predetermined schedule and therefore limits the fuel available 
for acceleration. 

Still another hydraulic method makes use of a dashpot system 
which is linked to the fuel-control lever, and, regardless of the 
rapidity with which the control lever is moved, the dashpot will 
act to control the elements of the fuel-control system so as to 
deliver fuel to the engine at a scheduled rate. 

All of these methods possess one major flaw, viz., the fact that 
it is almost impossible to design a hydraulic system that will 
follow the optimum curve such as described previously, in order 
to secure a maximum acceleration rate. 

It has been evident for some time that the major objections, as 
listed, to scheduling controls may be overcome by accelerating 
against a direct temperature measurement. Active development 
work has been in effect using this principle for the past several 
years. Numerous arrangements for measuring top turbine tem- 
perature have been considered, such as fuel-air-ratio measure- 
ment, optical pyrometry, differential-expansion capillary-tube 
gas-density method in which the pressure drop through an orifice 
is a function of absolute temperature, and direct-temperature 
measurement. 

An extremely important consideration in the use of any of these 
methods, however, is the radial and circumferential temperature 
distribution generally present in all aviation gas-turbine engines. 


Generally speaking, from a stress standpoint, the radial tempera- 


ture distribution of the gas entering and leaving the turbiné is 
arranged to give a curve such as indicated in Fig. 8, in order to 
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keep blade creep and fatigue strength proportioned to the stresses 
imposed along the blade. The temperature at the base of the 
blade is therefore lowest, and the temperature rises toward the 
tip as shown. Physical limitations between engines, however, 
necessitate a variation of this curve as shown which complicates 
any temperature measurement taken from any one radial posi- 
tion. Fig. 9 shows the increase in accuracy to be obtained with 
the use of an increased number of thermocouples in parallel. 

At this point it perhaps would be well to discuss briefly the 
effect of response rate of thermocouples on the indicated reading 
during a transient condition. The first requirement of a top- 
temperature control, similar to that being discussed, is to give 
adequate protection to the turbine blades. With this in mind, ex- 
periments were conducted to determine the response rate of the 
actual blades themselves. It is evident that the temperature 
pickup must have a faster response rate than the blade during 
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a transient in order to prevent overheating of the blades. These 
tests showed that the blade-response rate at the trailing edge was 
2 to 3 sec and 12 to 14 sec on the leading edge. Response rates” 
of the shielded stagnation type of thermocouple ran as high as 12 | 
sec, and it was of course evident that a couple such as this would | 
not provide suitable protection. Further development along this 
line resulted in the unshielded type of thermocouple having suita- 
ble response rates. Comparative performance is shown by the 
curves in Fig. 10. 
Further comparison indicating the effect of response rate of | 
these two types of thermocouples during an actual engine ace 
celeration is shown in Fig. 11. In both cases the actual turbine- | 
outlet temperature was comparable. It will be noted that during 
the acceleration the stagnation type of couple actually indicated 
several hundred degrees lower temperature than the couple hav- 
ing a much higher response rate. 
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MeEcHANICAL DESIGN REQUIREMENTS . | 


The primary requirement for the engine power control is relia- 
bility, as safety of flight will always be the most vital considera- | 
tion in designing any aircraft component. Lacking this high de- | 
gree of reliability in turbojet-engine controls developed thus far, . 
the Air Services have found it necessary to require that the engine — 
manufacturer furnish stand-by, or emergency controls which will 
assure manual operation of the engine in the event of flight failure | 
of the primary automatic controls. : 

In nearly all cases, the designers of military airplanes crowd — 
the engine installation into the smallest possible space in order : 
to &hieve optimum aerodynamics proportions for the airframe; ; 
therefore compactness is an essential requirement for the engine- 
power control. With the advent of the small frontal-area axial- 
flow turbojet engine, accessory compactness has become a con- 
sideration of even more vital importance, because, in general, 
it is desired that the primary controls and accessories of the en- 
gine be mounted directly on the engine to provide a packaged 
power-plant installation. In order to meet this latter requirement 
without compromising the big advantage of small diameter in the 
axial-flow turbojet design, it has been necessary to give considera- 
ble attention to assembling the control elements into packaged 
units utilizing internal passages instead of external fluid lines 
wherever possible. A good example of the ingenuity employed is 
illustrated in Fig. 12, showing a turbojet-engine fuel-control 
governor complete with fuel pump, acceleration control, and all 
auxiliary valves in a single packaged unit. An over-all view of a 
typical axial-How turbojet engine, showing the relative location of 
this fuel-control governor and other engine accessories is shown in 
Fig. 13. 

A further mechanical design requirement for the engine power 
control is light weight. In an aircraft, the saving of even a few 
pounds can improve significantly the over-all flight performance 
of the airframe and engine combination. 


In the design of the fuel control, due consideration must be . 


ss 


given to the pressure drop through the controlling elements, as this 
drop adds directly to the already severe fuel-pumping require- 
ments for turbojet engines. As these requirements are of major 
importance, a brief review of the difficulties involved will be given. 

In general, the top fuel pressure of the system is determined 
by the range in fuel flow required by the engine. This is repre- 
sented by the ratio of the fuel required for high-speed cold-day 
sea-level flight versus high-altitude idling. This ratio may be 
as high as 35 to 1. Assuming 3-psi drop in the fuel nozzle is the 
minimum required for barely acceptable atomization, this will re- 
quire a maximum nozzle drop of 3600 psi to obtain the required 
flow through fixed-area nozzles. As this pressure verges on the 
impractical, sacrifices have been made in the permissible fuel 
range of the engine. In addition, intensive development effort 
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Fig. 12 Furt-Controt GoveERNOR FoR TURBOJET ENGINE 
(Courtesy Woodward Governor Company.) 


is being made to obtain acceptable low-pressure fuel nozzles. In 
view of the limitations covered by this situation, every considera- 
tion must be given in the fuel-system design to hold the required 
pressure drops through the other fuel-system elements to a 
minimum. 

One of the most serious problems encountered with the modern 
type of fuel control is the malfunctioning of the control elements 
due to contaminated fuel. This condition is experienced with 
controls whose elements are subjected to the same fuel that is 
eventually delivered to the combustion chamber. Since the fuel 


‘that is used in the present-day engines has a very low viscosity, 


small clearances are required between sliding valves and their 
sleeves for pressure sealing. 

Karly models of fuel controls made use of the synthetic-rubber 
“OQ” ring seal as a piston ring and thereby permitted large clear- 
ances. However, this did not prove satisfactory, as it was not 
possible to obtain a suitable synthetic material that was fully 
resistant to the entire range of fuels. The materials used would 
increase in. size when exposed to fuel for any length of time and 
cause additional resistances or would shrink after being subjected 
to a different type of fuel which would cause pressure leakage. 

There are several partial solutions to this problem. One method 
is to use a micronic filter in the fuel supply to remove the con- 
tamination. This necessarily requires a micronic filter of large 
size and introduces additional pressure drop in the fuel system, 
and at the same time increases the weight materially. In addi- 
tion, this type of filter causes serious pressure drops in cold- 
weather operation due to the formation of ice crystals from water 
which is normally carried in solution in the fuel at normal tem- 
peratures. A more desirable alternate method is to design the 
fuel system such that there is a definite pressure drop across the 
sliding portion of the control valves and to filter only the leakage 
fuel to the valve. This method uses several small filters of 
greatly reduced size and has the advantage of not increasing the 
weight as much as one large filter, as only a small part of the fuel 
must be filtered. 

Since the use of micronic filters is generally undesirable, every 
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consideration should be given to a design in which the valves will 
operate satisfactorily with contaminated fuel. This can be done 
by designing the valves such that there is no pressure drop across 
the sliding portions, thereby preventing foreign material from 
being washed into the clearance between the valve and the bush- 
ing. The use of poppet-type valves seating on some type of re- 
silient seat has given the most promise of operating on contamina- 
ted fuel. This is possible since there are no sliding parts to 
stick, and if some foreign material does get under the valve it 
will be pressed into the resilient seat and good sealing properties 
of the valve are retained. 

Because it is not always possible to design all valves for satis- 
factory operation on contaminated fuel, the only other alterna- 
tive is to operate the valves in a medium separate from the fuel. 
This can be done by having all the control vaives, with the excep- 
tion of the main fuel-control valve, operate in. a liquid-sealed 

system which can be kept free of contamination by the use of a 
small filter. Although this will overcome the contamination 
problem, due consideration must be given to the viscosity curve 
of this liquid, as it is mandatory that satisfactory operation be 
secured down to —67 F. 


VARIABLE-AREA ExHaustT NozzL5 


So far, the discussion has considered only the operation of the 
turbojet engine with a fixed exhaust-nozzle area which gives op- 
timum operating conditions of the engine under only one com- 
bination of temperature, flight speed, and altitude. In addition 
to this, it places certain limitations on the acceleration character- 
istics of the engine which result in slower acceleration and certain 
sacrifices in engine economy. 

If the design of the engine incorporates a variable-area exhaust 
nozzle, improved performance is obtained in three ways as 
follows: 

1 Maximum military thrust is available for all flight condi- 
tions, as the engine can always be operated at maximum rpm 
with the maximum allowabie turbine-inlet temperature. This 
is of advantage not only because increased thrust is available 
under some comditions, but also because the pilot is relieved of 
the responsibility of restricting throttle advance to prevent 
damaging over-temperatures in the engine. This may be seen 
from Fig. 14 which provides a plot of thrust versus the exhaust- 
nozzle area for a given rpm and different ambient conditions. 

As would be expected, the thrust increases rapidly as the ex- 
haust-nozzle area is reduced, with an accompanying increase in 
turbine temperature. It may be noted that limiting turbine tem- 
perature is reached at different exhaust-nozzle areas as the am- 
bient changes. With a fixed nozzle area, selected to provide 
maximum rpm and turbine temperature on a standard day, it is not 
possible to realize the full rpm on a hot day without excessive 
temperature, and on the cold day the turbine temperature will 
be below the permissible maximum. Both conditions represent 
a measurable loss in thrust with the added danger of over-tem- 
peraturing on hot-day operation. 

Unfortunately, ambient temperature is not the only offender 
in affecting maximum turbine temperature at fixed rpm and ex- 
haust area, for altitude and flight velocity produce ‘additional 
changes in turbine temperature at a given rpm and exhaust area. 
Here again, the opportunity of selecting variable exhaust areas 
as required to achieve maximum rpm and turbine temperature, 
and consequently maximum thrust, over the broad range of 
flight operating conditions, appears inviting. 

2 A factor in the improvement of engine performance, 
through utilization of the variable-area exhaust nozzle, is fuel 
economy. Ideally, fuel economies may be improved materially 
by maintaining higher rpm and increasing exhaust-nozzle area 
rather than holding the jet area fixed and varying rpm over wide 
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ranges as is now customary. The trend of improvement in spe-. 
cific fuel consumption is indicated by Fig. 15 for the static sea-- 
level condition. Unfortunately, this improvement in specific fuel 
consumption is reduced drastically at higher altitudes, and is’ 
further lessened as airplane flight speed is increased. The actual 
improvement in specific fuel consumption which can be achieved 
with the variable exhaust nozzle is very much dependent on both : 
the aircraft-engine installation and the efficiency of the variable- 
area exhaust nozzle used. Because the improvement in specific 
fuel consumption is attained at part thrust by maintaining high 
rpm, the resulting increase in air flow will introduce duct losses 
which may invalidate the expected gain. | 
3 Yet another factor in favor of the variable-area exhaust 
nozzle is the ability to accelerate rapidly from low to high thrust. — 
It has been an unfortunate characteristic of jet engines now in the _ 
field that acceleration time from idle to military thrust has been 
excessively long, usually in excess of 8-15 sec. This long accel- 
eration time is a function of two major factors. The first is the 
large rotor inertia, coupled with comparatively low accelerating 
horsepower available in the turbine under the high back pres- 
sures caused by the restricting exhaust nozzle. With the greatly | 
increased nozzle areas employed at low thrusts with a variable- 
area exhaust-nozzle engine, the available accelerating horse- 
power of the turbine is augmented appreciably, and accelerating 
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imes from idle to military rpm can be reduced to 1/; or less of the 
‘omparable value for fixed exhaust-nozzle area. In addition, 
itilization of ‘tthe variable-area exhaust nozzle does not limit the 
lesign of the basic engine components in order to avoid encoun- 
ering compressor stall during acceleration. 

The foregoing advantages obtainable by incorporating a varia- 
»le-area exhaust nozzle in the engine, of course, must be weighed 
igainst the added complications, somewhat reduced reliability, 
sreater duct losses in the aircraft, and increased engine weight 
vhich may be of considerable magnitude. 

In analyzing the control means for the variable-area exhaust 

10zzle, it is first necessary to examine the various combinations 
4f rpm and exhaust-nozzle area to obtain the control schedule 
or optimum economy. 
_ Again referring to Fig. 15, which shows the relation of thrust 
versus SFC at various rpm’s and tail areas for our hypothetical 
gine, it will be noted immediately that the conditions of maxi- 
num-economy cruise operation are defined by the envelope of 
‘urves in the direction of low SFC values. As has been indicated 
reviously, it is definitely of advantage in the upper thrust range 
© hold maximum speed and increase exhaust-nozzle area to re- 
luce thrust from maximum. For the particular characteristics 
yf our hypothetical engine, a condition is reached in the process 
f reducing thrust at which it is advantageous to reduce rpm 
imultaneously with further increase of exhaust-nozzle area. 
finally, full-open exhaust-nozzle position is reached and further 
eduction in thrust is accomplished by reductions in rpm to idle. 
his is the schedule for best economy. 

For best acceleration, maximum exhaust-nozzle area should 
e maintained until full rpm is reached, after which the exhaust 
rea can be reduced to achieve maximum thrust. To follow such 
. schedule for steady-state operation would represent a compro- 
nise with best cruise economy, but with proper attention to con- 
rol characteristics it will be found that no appreciable control 
omplexity is introduced in following approximately the best 
eceleration schedule during transients and best economy sched- 
le for steady-state operation. 

The regime of control variables, as a function of power-control 
ever position, for these respective schedules is shown in Fig. 16. 
\ssuming an all-speed governor regulating fuel flow to control 
pm over the indicated range and as a function of lever setting, it 
emains only to provide an actuating system regulating exhaust- 
ozzle area in the scheduled relation to control-lever position. 
uch an actuating system can be the simplest form of hydraulic 
r electric servo to provide a predetermined exhaust area for each 
1crement lever position in the partial-load range. As has been 
oted previously, turbine temperatures vary widely over the 
ange of ambient conditions, and the simple scheduled relation 
f exhaust area to control-lever position cannot hold for maxi- 
1um-thrust conditions. This problem may be made by provid- 
ig an overriding signal into the exhaust-nozzle servo, directly 
msing turbine temperature or a temperature directly related to 
irbine temperature, and limiting the minimum exhaust-nozzle 
rea, such that maximum turbine temperature is not exceeded, 
gardless of control-lever position or influence of ambient con- 
itions. 

When a variable-area exhaust nozzle is utilized, the design of 
1e fuel-control system must provide means for a more rapid re- 
yonse to load changes on the engine, both from a stability stand- 
yint and from a safety standpoint, than is required with the 
xed-area exhaust nozzle. Sluggish or slow response can 
duce instability and result in hunting. Slow response in 
cognizing sudden load changes can also cause destructive over- 
yeeds. As an example, assume that the exhaust area 1s made 
\ddenly larger; then the control must immediately prevent ex- 
ssive fuel from going to the engine in order to prevent over- 
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speeding. On the other hand, if the pilot demands full engine 
power for a carrier wave-off and the exhaust area is reduced 
abruptly, the control must supply the added fuel needed to main- 
tain engine rpm within acceptable limits. In general, full move- 
ment of the throttle valve must be possible in something less than 
1/, sec. 


CONCLUSIONS AND RECOMMENDATIONS 


Based on engine operational experience and engineering design 
studies of control problems, the following requirements are con- 
sidered the primary requisites for a turbojet-engine power control, 
in order to meet the needs of military aviation and to realize the 
full operational performance of the engine: 


1 Control to hold the selected thrust stable within specified 
limits for each flight speed and altitude. 

2 Basic control design based on direct measurements rather 
than on scheduling. 

3  Single-lever control of the engine to give a linear relation- 
ship between thrust and throttle movement. 
- 4 Control to permit engine acceleration to be as rapid as the 
temperature and aerodynamic limitations of the engine permit. 

5 Fast response rate to provide for rapid changes in the opera- 
ting loads on the engine. 

6 Controlling elements to be designed to give a low fuel pres- 
sure drop, in order to minimize fuel-pumping loads. 

7 Control to operate satisfactorily on contaminated fuel. 


Intensive study has shown that the following trend offers the 
best promise of fulfilling requirements of the military Air Services: 


1 The speed-sensing means should be an all-speed isochro- 
nous governor, as no other means offers promise of maintaining 
the set engine speed for all load changes within the accepted re- 
quirement of plus or minus 1 per cent. Reset should be accom- * 
plished by direct speed-sensing, as experience has shown the im- 
practicability of scheduling the exact degree. Of course the 
speed-sensing may be either the mechanical flyweight type or by 
suitable electrical means. Either system will operate through 
hydraulic or electrical servo systems; the choice will be indicated 
by an over-all study of the system based upon reliability, weight, 
and simplicity. 

2 Acceleration of the engine should be accomplished by direct 
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temperature measurement. Such a system is the only one that 
will safely permit maximum acceleration of the engine. Also, it 
should be recognized that temperature will compensate auto- 
matically for changing altitude and ram conditions by varying 
the acceleration rate to give the maximum acceleration permis- 
sible for each condition. The pickup for a suitable temperature 
reading must be one which reads an average value that is repre- 
sen tative of the maximum allowable temperature, Probably this 
can be accomplished by a number of recognized means. 

3 The fuel-pumping requirements for jet engines have been 
found to be severe due to the high pressures required, the lack of 
lubrication value in the fuel, and the extreme temperature range 
over which the pumps must satisfactorily operate. The control 
has been partially responsible for these high pressures. For this 
reason due consideration must be given to holding the pressure 
drop through the system to-as low a figure as it is possible to ob- 
tain satisfactory control pressures. 

4 An item of major importance is the ability of the control to 
handle contaminated fuel. So far, the controls require the use of 
micronic filters, which add further to the top pressure of the sys- 
tem. In general, systems which require the use of any filtering 
means finer than a 60-mesh screen are used only because fuel 
systems capable of operating successfully: on contaminated fuel 
are not as yet available for production engines. 

5 It is expected that many new turbojet engines will have a 
variable-area exhaust nozzle, in order to realize the benefits in 
thrust, economy, and increased acceleration rate of the engine. 


The proper operation of this nozzle is of course a control function. . 


As this adds a second controlled variable, it adds immeasurably 
to the problem to be considered in the design of the control. In 
addition, it means that the entire control must be designed as 
an integrated whole, as studies have shown that the speed and 
temperature components must be interrelated properly in order 
to obtain a stable system. At this time it should be emphasized 
that in the development of a control of this type, it is practically 
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mandatory that proper mathematical considerations be ta 

into account to assure that the over-all system will be basic, 
stable. These studies then should be supplemented further o 
suitable transient analyzer in order to confirm the results of 
original equations over the entire operating range. = 

As the development of the control progresses, considera 
should be given to ease of service in the field. By now it wil 
recognized that a full understanding of the operation of 
complete control system will be understood by only a comp 
tively few technicians in the field. On the other hand, all 
maintenance and trouble-shooting will be done by semiski 
personnel, and it becomes nearly impossible for them to locai 
and correct troublesome items expeditiously. Therefore it 
strongly suggested that provisions be made in the design for 
use of a field-service check kit. With such an apparatus it w: 
be possible for the average personnel to check each component 
a “go-no-go” basis. The faulty component would then be x 
placed and returned to the overhaul base or manufacturer for 
pair. It is now recognized by the Air Services that such a pro 
cedure is almost mandatory. 

The development of a completely suitable automatic po 
control for a turbojet engine is a tremendous engineering pr 
It is belived that such a control can be realized only by gi 
detailed attention during the development stages to the requ’ 
ments outlined in this paper. Such a control should result in ¢ 
easily serviceable unit, of excellent reliability and performan 
and one which will permit the full utilization of engine possib 
ties as to thrust, economy, and acceleration from a single power 
control lever in the pilot’s cockpit. 
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